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This ssrvey of th# state-of-the-art cf t.A

desi n of ground-crawlAn|, off-roas veiic'es was cm--

ducted bv Nilson, Xuttall, Reaiand Engineers, Inc. ("11),
under contract VA ZZ-.79-eo-39Z vwith tho U. S.
Army Engineer vaterways Exipristnt Station (WES).
It comprises A portion of the aobilty eaviroaeant4a
research study (X)I.S), sponsored by the Office,

Secretary C,: Adr•ac,•d t.*earch
Projects Agqncy (AW.A}, Directorate of asnote Ares

Coeflict, for whlclh WZS is the prise contractor,
and the U. S. Army Materiel Command (AMC) is the

service agent. The funeds oslorvd for this study
were allocated to WES through AAEC, under 'JýPA

Order No. 400. The ovorall object of the MEILS
project was to focus the results of the growd

mobility sad vehicle-terrait risearch of the pr*-
vedi8g 20 yeats wpom tie probleme of rationally 9
A ssigning and/or seloncting proper off-road vehicles

for nilitary use La rvwote a-eas, particularly' I%

ths tropics *nd subtropics.

Project NEI.S was severely truncated after me
-war of a planne4 three-year effort, leading

Intlrect- y to an umconsciomable delay Ia the com-
pieotie if this report. Althouga the principal

fia•a~izgs of this study ere communicated earlier

(UM , 1964, 19j41C t"e present Larat.heisiy was
6 aet, nor ceeld it have 1ee4. .

The period of delay has s•en the escalation of

t~e U. S. role Ls Sertheast Asis from providing
edvice to the coadict of exteasive led warfare
bty V. S, troops. Tue exerTimce of Pctusl vrr,

lefgrlaee, ss e tsla*e begn iang em 291,



howayer resote , has infl%.enced the present synte. -
$is, as no doubt it has th• concepts of others
lnttrested in off-rcad vehicie problems. The
dramatic practical devons:ratioi of air-mojit.
op-traticns on the cne hand and of the patent
inadequacy of our cu-trent family of 2round-bound

vehicles on the other, has drastically altered
the climate wi6in which tround-crawling vehicle
problems must be tackled. The author makes no
svology for his accidental good fortune in having 5
bearn sparea makirn his addition to the coli..able
Sinacurate %peculatiou already published on these
crucial points, and in many others.

The conduct of this study, which in fact

I continued until the present, iavolved the review
fe many hundreds of Dublished reports covering the

spectrom of terrain, vehicle, and operations
features, and discussions and corrispaudeacu wit"
several hundred knowledgeable people aroavd the* * world. The author's appreciatiou for their

various contributims and influences cam here only

be acknowledged in oenoral tenrs. HMwever, the
entirely taugible support and asssstase of MkS/WES
project persomel, A. A. Kula, ft. D. Wismar, and
1. 1t. Fries:, can be and are srecifically and

gratefully noted.

Ai
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Tie oolect of this gt.j'v is to eutliag and t3
ereh:. '~ecurentststo-cf-O!Le-art of *ff-rc&4

vshiclO w~lu ith particular reterwisce to
mUilary WiicsI~g and to t'ei ,orformoace off-rood.
A staeo-of-t--a..,t study ttaorilly Implies low
4desetisfactlaf with Vias Or~stint 1ltuat am, mad
that Is VIO :resout case. kc-or~iisgly, 3 fuarthav
cbloct of tl~l stu'dy It to reviewv that gCsera1 pro-
;od'arws by whicA militarf vehicles for off-road use at&
cacuceivd and oeaetually reach twe flail, &Ad te'
suggest mens tac-1-nice sad/or orgaolzationa), to

Improe aattrI
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The state-cf-the-art cf off-road vehicle

design, in rarticular re!sticn to the off-road

perforarice of military vehicles, is basi:slly

*l sound, although the approach to off-.-oad perforu-

ance has thus far been largely pragsatic. In

recant years there has beer steady improvesent In

the overall motilitv aid/or reliahility of all

clasies of military off-road vehic.ts.

Recent iwp•'oveaent in the soft ground mobility

of tactical trucks has been substantial. The par-

tormance of tactical truck, now eouals or exceeds

that of similar foreign military vehicles aid of

co.rcial wheeled vehicles, excepting only suc.i

aextreme special purpose machines as marsh buggies.

Sow possibilities to raise soft-lround m-5ility

to still another significantly higher level in

practical, vorking vehicles are evident and, in

, *part, already under study.

The reliability and cverall off road per-

formance of tracked vehicles have also prolressd

significantly, but the basic soft-ground nobility

of various classes has. spparently by choice,

* remained stptic. A number of working, coemercial

tracked vehicles, soma articulated on various

patterns, have demostrated poisibilities for

significantly improving off-road nobility. and

soft-ground performance in particular, b.yond

* present military levels within a prac:ical

ngineering, operational and econmic enovlop*.

* .4

* I

-, v- ,-. -• , :



[ 
U

,ovefgT the total ccat (in variý,us coins, of

whs.cŽi t%* dollar is onaly on~e) ýas been j...dged
macassive int relati.n to the !%rer'oramce t~til
scantly thought to be raquired of our _rosen%

tracked vehicle familY.
The technolory of torrein-vehicle relsti"-

ships -- and oaft-rcLtmd Verforusrce in particu-
lar -- has elucidated the fu.md~mntal reistions.'ip
Involved, and has clsarly demonstrated that major

iMPTe•emntS nacessart ly involve major cbsagts in eh-icle
ftre (ne of the "costs" referred to aoove); that

there are n~o choan answers. The basic level of
off-road .obtity of a new vehicle is accfrdligly

frozen at that early point in its conception ws%*n
Its or@-all configuration is detervined, and there
is little positive thAt subsequent tinkering can
accomplish. Laro ly for this reason, use of the
available torrain-vehicle technology hacs been

limited lartely to preliminary concept and desig% studies,
wherepit is in fact -a•st pprcorisate in the ld-s1"

of the technology, that the level of a vetil.ie's

grounti-loaninj is indr'd the cost important single

factor in its soft-Irmad operation, sitlaerally
ignored. Mew vehicle after ne w v e•icle Iccra Its

""drsioed" empty werlht by up to S€'i recent or more,

with no person, organixation, comaittee cr
consortium of committeas being called to account.

use of the available calculation erthods in
sac h early stages of design, but ia no responsible
w" In relation to th- fical nacrno are proda cte
ha, had itg imortant, related comsequenesn to the .

research effort.

________to Inissf-rm lrtc,'' e~il

-Q 4 o ,-. *-8*• or d . 1o~t "e tc

0 0as~¢ 0st 0 0t•yu t . ec,• rsoe



* crn wt, the inrinsi, forr cizeplem in reltion tof

actual, testable Fertorstance spocificstiozs. This,

in turn. has ailow~d a nmbser of approximate
concepts and incouplete and/or ispiecis. models to
continue past their normal useful life, and has left

1 1 th*e ngineering research effort in a vacwuu where

I own invention. Considerable research has recently
been started on vehicle off-road "ride," obstacle,
and vegetation p~roblems which sins at much higher

* ~precision than can reasona~bly be of use to the
vehicle dozigner. Oros a vehicle design view-

point. a fundlamental reevaluation of the current
soft-groLnd technology, aimed at validating a
single set of soil values and vehicle-soil models.

* 0 is still needed.

The situation is not fuandamentally a tech-
mical one, or one which should cowcers terrain-
vehicle researchers only. bovever. It is only one
symptom of lack of proper organiz~ation and method
in the overall military vehicle design systers,
from requirerments to release for production. The
current, coitmittee-ridden process is characterized

I ~by a caningling of research and design, lack of

* I S
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4job divisles aloof 0so"d -rotessLonal 4ad f..

Iral i.nes, an4d rart? as £ r •oult, lack of te*

perfora•nce seciflics1t!.ns. in cousmgeePtca, -•

are so clear lines of responslklilty for varle.

* I aspects of the success of to. fisal product.

Our current fcullr of militaryr vehicles •.s

been "cptixIzed" -- albeit by inforsal protowur-v and

perhaps wtthout full rvalizatiea of the Seegr;s.ki

restrictions implicit -- for a cvnceivale vi? it 0

0. Eurow.. or !%.rth America. •he disccvery tinat It It

so oar fres eptimum for other lare areas whic4 n"o

concern us -. the trc~i:s and subtropics, ia.6 wnda*

developed 3reas generallv -- has rrecir'tatr-J z "r-ud

aooilitf crisis." In the best American t•fiaitl3o!,

• 4w e are looking for a villain, and past ter-ris-

vehicle research has been nominzted. The rssulitz

of this research surely hats their shoTtcanints,

but they **e clearly and consistently shown that

off-road mobility is a fuinctim of basic vehicle

* * * 1 configuration and characteris:Ics, and that -".rtvae

weat over present levels cannot be hd vwithout sp1f"

icait readjustaments in currently accepted balances

tstveen conflicting desires for other features,

*iLprtant and trivial. These findings closely

parallel the fumdamintal findings in ship tad air-

craft perforuas.c research over the years. Ierey,

these other "mobility" fields have accepted te

implications of suck results, in relation to gro=d-

crawling saclines they have been unpalatable, the

Sresearch effort sa been condemed, and the docisies

taken, with or without full systems analyals. tast

cistest ¢cmprnisos are optima for the situatios at head

- implicitly, operatioms (conventimal?) In

develeped, temperate lads. 0
"" 0

"•? *, l - , -~~ * - il - I - - -- • 2
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U T'he crisis staos~nert has fostered censider-

able ronsonse about "1;*ctal ~-ziose' Vehicles.

.V ~Thi I 5cha wasted time and obscured the

real problasm, w.'ich Is to crt te a rev ground vehicle
#yet**, optimized for a new rangs of sign'ificintly

more severe Onvier-s~ental condidtions; a *eoqvd faw" l
of vehicles. not intended to supplant cu~rrent vehicles.
0r eves to compete with them is their ova &roes of opti-
mizatlon, but tither to operate as am integrated system

Is broad areas whero our current family is largelyI0 impotent. If we are serious about developing the
capability for effective ground operations in these
other areas. we must stop looking for cheap, gadlitty
answers. We mast recognize that a collecti n of toys
and assorted special purpose odditiles will niot do

* ~the Jcb;' that what is needed Is a howmoeneous secon~d
family of practical, flexible, reliable, military
quality, working vehicles specifically designed
to operate where our present family will not.
And if the basic problem is as pressing as the

b * crisis atmosphere would indicate. we must create
the first generation of thais family far nore quickly

4`1than we have -- by trial ant err-or - -arrved at

our current optinus "European family.,

This means Olat design must begin nw within
P 4 the present state-of-the-art, and with the kind of

urgency vh~cbh had the first. still ismor-fe'ct,
eavond weereio of the WWII Weasel in the hands nf
the troops within 11 vmnths from the time the need
forr a vehicle of this (them) radical new t"p was

* 4 first suggested. Present technology would ads-

I quately support such an effort. PTreset peace-fat
- organizatimal proceduras would set.] P~rom the viewpint of available techmology.

*~there wield be little quetation of essential d~sigs
prioritios. The overriding design object

4% e

52 5ý



Issicsasab4 would be to gain an *rdpr af marildAo
increase in off-read mobility. Curritl7 accesteJ

cost versus porformsace break-erem 7ainti would all
have to be relocated to an entirely now level.
Pruant kzomlodge would persit a "first-cut" at a
systems analysis to aid this relocation. 'ýhis, Wi
ninny other ampects of an ldsAI design vrecedure,
would at this time necessarily icAvod* mmy
"weducated guesses" &aulogs'Ado indisputable data or
models, and the resultial first g~eeratiou wouli
not be fully vptismam. It would, however, rwli&?Ply

do most of the jobs which "aed doing, In vast
are"s trhere our current gromad-crawling sachixes

0 camet ROW Operate effectively.

Torrain-vehicle, esuivaum etal, and o"Tsatioanal

research results would all play their part is sucA
a developme t, but clearly aome could proreutly
"aswer all the quiestiovs that woould went answers.

0 ilovever, having once omen asked the rtrtt questious
within the framework of a reel. and press lag pro.*
losso and subsequently hounded by "fjasdback" from

=nforsueen field erp~ritaces, all rilatod researcbI: ~efforts we ld thereafter, aA" alaost autonatically,

be Put upor valid, fruitful pathis, aiintg toward
a truly sciestific syvtem, analrosi for the mert

accurate optisizat±.e of a further gersoratiom whic~h
would inevitably follow.*h Seon as fma~rqueto Setviikatsmzgs ti

P1ics by whc_ I l1 vsm

* -''

. "4 10
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bocm~s a vehicle reaMd for predacties. This

iltumtiom exists wbot.*Vr or not the problem Is to

"develop a lew "Seco3di flier of rVuicles, tke West

gesoratica of the current turapoam fasil,, or a

single special Mac•ine. In every case, stvw~ite•nm-

V • lg this proccdur* is essential to titely progrses,

including the accolereted Iemeratiem of valid,

resposible terrai-vohicle researchk results.

In relation to giud-cravliag vehicles, the

objects of any ulteratitc to present desi. ea4

dove lopemet procedures mst b. to reduce tkt time

required to respond to a valid field reqlirstwmto
& ad ! insure that the hardware delivere diem
iWded moet It. Essential elements Ins a urting

systoe, lack.,g in the present proess. are

It 1) clear separatiom of research "Ad Aevle•p-

met activities fre the "roquiromntsw desiP

liHe; i.e.. a vehicle devellopwmt should sot

be mudertaken in this ILAe maless the complete

* reqwirewrnt, properly stated iL rumti- 0

tative engiaeering ters, ts vitkis curmet

ad realistically projected technolegy;

2) divisim of the Work of the r9quitsmoutS

Um alme g slumd profes&6mA1* &M f•ctimal

. lJneS with definable iaterftoes" i.e.,

Operatioel analysts shomld not desgig

vehiclos, design engieoes should Set LRV,

I to Wecan leo~g117brs, etc.; ead

$3 assiPgmet of definable roopemsibilty

to each fmctime. gr$Tp with soea to

emulato etch gromqs perfrmoe,.

1

44
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£04o simple sad sminvolt Obvious ergsaastaiuaal

schem v~c night soit t~.e basic rwqilrveents Is

diagraea~ herual in oluemotal f',Tu (Fig 17). it I:,*-&

trates k Astura1 relatio"Isbip In vehicle dovvo*oooat

Ubettween iosign for requireavaii, tertslai prfornsmce

113 and 'idea veh~icles.- $ad couenermt 30elopment.

sand pr,ýposev a clear division of rotpow Ibility vlosg

fuecticaal Bd Professional l16es. It Would net

require a swwepint reorganization of %he Avr.r or of

U Its general deroiopeent procedures. Catihev. the ~rro
posed scheme closely watches the current Army' f4D
ovganizstion. It *%viuion$ 0.17 certafe simple but

fundamental Changes to assign clear rtspainsibililta

L to various organizational elemeats, and in the* [ process to almt the baleful iifiuesce of Inter-

organiiatioital committee irrospos~ibiliiy.

The first divislou proeaps*4d Is to Place rOSPeuPi
bultt7 for quanatitative, functional vehicle specifi-

* * ~~~cstions (only) entirely with as operational aayi

group (po~os ape -'lula~ C=z Developmenat Command ifCX!)
who, La relatiou to off-road perforsace. would be required

to prouid4s, and We accoun~table for the adequacy of,
testable, off-read perforsancm specificatieus. In

the off-road design coatext, all olviromental

research would accordingly bercom of intarest

primarily to tdi group. This g.ou Would ason be
charged with setting for-th a Rintua set of design

constraintA' from other coasidoeratioas to fuaets.aul

forg ouly.

The vehicle development agency. Aray Metantel Coama

* ~(AMC), would baxe sole respesibilAty for moeti-g is 4m

optimum mochasical coafiwat lee tku testabOle performac
Speciftcatioss vithis the gfVeS coastraiasU, of

* for rejecting thbe job at the outset as boe"w
Cu~iat torhs loy. T e rrain -whali co rtsca rth
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K ~would a&ccordiag1, bes cemiacted lartely Is support

Of the smchasical desig efot

Off-Tepid performsece ttsti.g • sold be cos-

ducted at two distirct levels, as a" (Tset mad

Eval-,ation Commnd ITTC~K1)~. The fifst would be
conducted qatirolv in rtlstloa to the ttstable

Pirforsance snecification,. sad vowlt deteTruia

hvether or mt these bad beeo met by the desit•

siercy. These tests we ld autoeaticeltv chchk t•.e

validity and accuracy of tb2 terrdia-vehici@ role-

tionshivs used In the deosit. UI tke first roved of II
tests sk.owod the vehicle to be setisfactory, it

vwuld preeo-d to ether esigieefing tceto of primary

ipertaece M0d to field tests -- *41*# 0416 14e

.poret•(era doeeevrse wthi hishe the test•b•ee

pepforewil. spde•fieessie wore eeoecieed. The

field tests would be conducted according to the

supprting doctrine and would doternise whether or

set the *Ohio&* ecd detrins net the oeilinal

functional requiremeat. In the process, the field

tests womld check the validity sad accuracy of the

tsrral• and operational models used.

Iwh a system could be expected to prerito U
faster and noe" respewaible respome to aswy field

riquireaemta for vehicles ky soparetiag PAD from

the specific requirments design lia, &&d by

establishing quantitative s•n.tificatioms which

limit the pwer of across-the-board c€mttees of

chnMging persoasel to m"dle coustantly with the

work is progress. It mid also forco the

1 rupporting r"esisre on operations, amte tsIA

vehicle rtlaticashipsn, had &a the esvirimnet,

to eopaee ia real time ee reel prblas sad to

c40 0 vith IOWA &,USrs.
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13torac!A~¶g lat* a vafill* .$04a., coflt pice. .e

to aid t~q wekitl* 40e(r? iA doe;.g tLE etcst I
WIM~ thea of 2-!".j -'Icyac 0. a -t" vg3ici .M
It is Stitl is I. formaatrv. stotti. 1x~A; ille

PIC461 Z~.* aG-V OTIT Of Off-?*Ai, PrO411S CA-
4 UR1 rzt1,4 13 -ft ~t oallASt A.~ * c% 4 *, ~';- 1to a~I I y 7, '-AT

Irsaid oitT-*'qUstr'd f~r :Ii-e k.Ad of Opqrsts0*n
our ground forces vmt 1lk, to cots-jc,. TU present

trauitatlom of tbe s~tAt9,f-t2Ae-art was Cosde Withi

Th4rgo act toas fusiazental to, this study Y*4MIr.
brie! o1ucidstiab at the tutstt: 'grem',llty

* * evaluation of th. satot-of-U.o-aet,- aied mtae

* whi.1e dsig..r."

$ ~Crmtut Mobility

makility Is a qwality of a Tolbicle In a lives
* 1 toraia sitmatime, not of th* ter-rain pip *# (of.

Craba, 19S]. M fi st &cific ristarct an off-

out of the rsuoat*4 negialgo ailittry 761kke00s
to Italy, moitbars tars"a, tue FACVI'C Isla&"a -- isa
fact almote: v~ryvbor aruomA th* globe whre. CUMt
were Yehkriee Thile wa a first-or-~.v pr~sltlk Qf
v.st coies 14'uvbors duila# 10g *la oey stageS0
work va Woi prablaic Is zx~ covtry cm to be
termed "Sility 14P'tA. I the cýMtss of MbIS
roesarcdk a A&cas's 5I5 accor dWZially
biotxmP- Syiys~ M. vith ith L.11tji~t to Asogtioto wad
W4 to ""sr we&P p.m. This l1izt*4 usato

is
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gPOrTAll r ~eiVs. to this pretwis, albeit in kzAy t'

qa:'Itatlrs formi, It, TZC~i ¶est 1rtctsiurvs (of. TL-a75',

1 47 a4 IS Aimy -a" a-,..ta@tivq C.0iter bid spociflcatlena
for I'.w w~kicle, jIj. SM? V'*12, 1TIZ!

bekier Salim cavllhAtiag satters wh**, quite

lisbtly, he Orpan4,d the termD to laIn:.4. fortlor
iapvrtast sloumtts of tw vpoctrra of poesslile
voki~clo-ttrrals reistieuassips -- tress mi; Lilts

sat lisp$ ad b~mqs -- Mod prop~eds lit roistim to
grsama !Eoicles that, comcaotually at least, the
average spotd of a vehicle is a given tarrair. was
the prWer massre of Its mobility in that terrain
(joh~nn at &Ii., 1OSIJ. This cmscep: 'a"s abrtly
refined to incorporate the "*raw* speed "free A to
I' based pa" tbe straight live disttace "tveein A
sad I regardless of the actual path secti'5*rily
taken LI the vehicle 11rooks, 11511. Is tko pest
few yeasc the soIf -descriptive salisln tera,
spood-msadegoed," kaa bees applied to Vie latter

sped ffý rsbav, lIOSI.
Noted taesr., military parlance, however

assigs a broader swoming to "mobility.* appling

It a~s often to entire military umits as to a single
grad-crawling vehicle. Also. as part of th.

ma m bility. fo example, it has a igenr history.
This broadoer, older wamizj geerslV.r relates more
directly to dIcticnary definitions 1ýcr mobility

which, mot succinctlyl bail dow to 'me~ablemosi

* £~~esquege, 1351). It Involves both soil-Prepalled I
aW ausisted maties of anything from a single
soldier to 2 tivislo or sore with all Its e'~u~p-

Met. Ives in relaties, to the uingle vehiclet,
this mobility escompsses both 'sutemabilito MAd

* j "pessive mobility"m (Lymi., 1911).

'a A
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1ae~at veers have vite6ssd4 a f1ood of firt.ier

4 qualitttive dofinit'oa of vartag sco*.: mobility

is the sZZ11tr to opertte ia tue off.tf ds*4 'iri-

ment of a nillta' foehicle Iliscaoff, l19Z2;

mebili" tj a measure of a vehicle's ability to

traverse, uader its we poer, the variety of

torreas con4itions found CM thi4 earth's surface in

a nirinm time a4 yM . r-z c-apsai accomiiaa1

is$ its missiom (Sisneoff, 1lI4); it is the cape-
ilaity to nove fre.iy over the e-jrface of thb earth

and vat be stopped by natural or maa-vad*e cbstacls,

with adequ3ate tract~om and gruvd clearmnce to

easure relatively free movement thro•gh sud und

soft ground (Parker, 111%]; Che capability to

traverse all types of roads and advyerve terrain to

tae uaximin practicable degree consistent with

ether of the specifled vehicle requiruemats (IEPD

Z-Z2, 1721 ; tho courpotrane of a vehicle to per-

form its mission as measurvd by its best average
0 speed over r route rlpreosanttivo of the terrain

where it will o0erate (AMCP 706-3S, 126Z]; mobility

it moveant faster than the enoemy at ahy given tim

with net result of the movement beiag detrimental

to the e*emany 1olladay, 1265I; mobility of a vehicle-

ao•ated meapon system is its ability in time and

vpacs "to concentrate, to envelop, to deny . . .

(Rice ind HRatch, 1966). That's vhat mobility is.

iI
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la tctober 1264, despair•ng to achieve a
quartitsltiyv lufissering definitica, 4ekker pro-
posed that the word "nobility" be struck fr*
the terrain-vehicle lexicon [Rekker, 11641. And
mone too so.oa, for a full session of the January
1)65 SAE Congress was devoted to "Nobility of 0
Terrain-Vehicle Systeas," a title suggesting a

truly daring tew comcept, but vw-ich was Ja fact
only a meaningless felange of currently fasiesaable

[ SA:, !;;4j.

Despite Iokker's ingenuous suggestion, the
torm amobility," and more specifically "ground
mobility," will 1e used from time to tim hereia,in comtext of Dekker's speod-mado-|gao concept,

but generally without any atte•pt at actual quantl-
ficatian. It will alse be used In elf- $ S
explanat)ry combined form; i.e., soft-ground
mobility, sand nobility, etc., to express linited
aspocts of a vehicle's overall off-,.ztd perfora§Aco
potential. It is still a useful vwod,

1 4,
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4' perfcr-q.tnce u ees'a.dL em •t•

extent, validity, -. te cf Advance, and prxct!-:i 2

asofuitmess of the availabXl tec.nolory, the rate

tf Ln~ovatiyit n developing nov mchanic-81

soluticas, an•d th4 perforvAnce e*d ado-uecy of the

best current machines. eiorferiance aid adoiv.acy cf
our best military vvbiclos mai in• turn 4v jad-4.•

relation to similar commercial ind for ig n rilltsiY 0

machinery; to ioe sort -f envvlcpo of tock-ical
feasibility; &ad, sost inportant:y, to the jovs

they are expactrd to do. Is thie oresent circ.o-
stances it is the kith anJ nebulous eXIectatiocs

which apeosr acst troublesome.

Our technological society has made us hioly
dpoendont upon our machines, and our vorld rwspansi-
bilities and aspirations have made this particu-

larly and painfully true in military matters. At
the same time, as a notion, we •ave come to believe
that szienco end sufficiost research and develap-

meat (FD) cas devise practical amchines far any

Purpose- Pr6m the viecpoint of mobility, ow

SIC a-traelise &CN -V! Eear to have lot us dmm.

SAroly somithing can be done. Or can it? S

The problem of expectations, indeed the over-

al1 problem of progress in military vehicls ovelcp-

amt. is far fro alyine ba P-ce rt4B€Ot4Bs@

years ago, ia analyzing the faltering courso of
medium tank developeoats since "I, the 0. S. Army

I7t4I
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brdasis Cofmamitta cnk, thchassisgrwas bdevelop

U 1~.ede. "Olargl pea rfheto is thelicy lamtase
aavehincle, the fclriterS ion for4 stsflhj:tom

S. Tac* ofea a dfiaith Ear theparten ofliam.

3. Dnics! pecsio of* teffbetlief ftheda threu
t.development. %f . .cssso" lies I.for t'
reaches any tmank, ori catss least pereioed of

6.t To salfrequen mutae. nofcr esa
7. Deadigpsfci "n the %szlsevices stol
wehiclh are criterlon faor tm ratibs w

S. Fo reawt a faith by the psirt ofervcin-
dificutan spcfcam aa lae overu by iee t.han

9.Enctiream insdacm, rat leadst ao erio oft

an nwns ofo frea fiaeld in beffcoer ed.mnl

Whl.ol Itema S sb oaet the esnssrimes as t is
wesiontk, senie, list, aith oihor qudfalties 5

cw4 which are* mtasl an cwU tibl. a dicsamo
croat mltnaryof-blvhceeig.rolm

Th. ovrell t Sealge of sdn"the una hsricle
&MhSe tanke apefinaltperplexidong byso i-t.

To whomish eld iadteantie onaprofer d"Ie foioff
ndnenes obte fdimeldto Ue bomered.1 5 6

01 41
Whil ony itm SLi grme. totheiindstadim

A*sir,-teetr it it ie ilsis



Qi~atot SIZ-e-licI T;1&t1C .nip, uaiicb is
_Jetsral8, t3 &as *t;ow.b tý-*

fu.ý*eaftll comfiritat~i= of tý. vutnicle amd '

its scale i-i rastsi3ll to ratuisc, It is *xset*c#'b Sc

IIqij tiý:ft~ t3 ailitary' V011Icii5 by a PI60tats, QI

cLock, xmAL bal~aces ponaddr-ju21T op~rote4 b~y

co Attocs.* ;-cordingly, exts ."tiou of the*

arganixatiouna1 processes. Iy which ailitary vwkicaas

coo inito being~ m~cessiartly foso a part ef this

study.

teaalal eaibiit viul. *eSo16 604104 LTva S

satteraf% AOSICR qoe~exsirs &#axe o mazalU. tormw-
lae 1 :s ' *am tieb .allv seev& Ore the xsmm
"%two ofw l a"& vtte ftLw*#moosa *4a oU evea wriIe

tx9 I~i
-vr. Zit--*~v



K Gruw~d-crawlisg vehilcis are of *aciesi&

* 4 ~lizeago, &r.4 build~ing t~oir proesot tochnoloCy has
attractei the tine and talea'ts of many so* evor

1mov centuries. The btsizzaings of concern vith
offecti'e vehicle-terrain relationsh&ips must be
dated froms th. iavg'utious of the wheel arid the T5M.

* 4 Devolope~mt of both proceeded on entirely pragmatic

lines, bowevor, until the 19th century. Dekk&T UaS
traced attempts at mathematicsl analysis of wheel-
soil inters~ctioss as far back as Graadvoiset in the
1790's [13okar, l19fi).

ly tba turin of the 12th century, under
pressure of the, divnming age of industrial goods,

m a l* a w r c o n s iC d e r i n la n o i l ,ad pro p o s it

6 ~~~~~~~~improrred grovad-crawlingmehd.lsai wt0

fils o th n*rt omehunredand fifty years ar*

replete ithIngmious mechanism to improve the

flotaion o pv= vehicles aid, after tho practi-

0 cal advent of mobile steam power ta the early
110009, their trsctian as well [Toeig, lflhJ. Mack

- -of the conern was fov protactim of earth** reeds
rather t~ai far the inprorweesta strictly of off-

read perfornubc, but tbom distiaction btuem teed"

0 amd souaoads ws teus often preblintic ILL..?e. 12l01.

Frequently the compts prop* et were far
ahead of other socossary supporting tecbsl*egy,
OWd failed is teitir time. Howve, Sy have a

I very up-to-date leek is the orpoce ag. The moders

- Ar to
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Retics of grevwd pressure was often trpiicit 12
tl.elr davolopmest. Itickott said of ble prapos*4

4' ~elastic metal Wheels (1142), 7b.. eb6Oct af this
1nrention is to facilitate tu aveinat of l~oo

notive eagiass sad etkor carriages, verv partics-
larly over soft or moves gruwad, by gir~ia to
then, ?tiroulbg an elastic, medir, a "ere o.-%ten4.

beariag surface as the growW.d

The siAniflaty of os-red sa" *ff-ree pw*
leow, which as Ia&" as IM9 appeared to coaemtpw- 9

6 rary solifte~rs to show I~ttle slgp of easding (Miel-
Skew, IPOOJ, did in fact dimedle rapidly with tbe

advent of the private autosolile sad Ot. accvlor-
ated constructiom of paved rests. VbIe tho co-
aercial '*om-reedA tractica ongluies of 1It" weve 0

* ~rvaocetably adapted to aiilthw7 use is Us 5"er War
(Lsyris, 19@G). om-read &ad oft-reed practica had
so far di~vvrgd by 19lS that ekes it camw tim to

4mositw the taak, the siritiak called wpom AmMICin
farm tractor mafactmvrsr for their first success- 0

* -I h tracked zusaing tear (Star%, 19191.

Dwarfed by the post-WV! os-reed TvhiCle
explosios, off-road vehbicle devolepeests for farm amd cern-
strwctiom eon borrowed smach from the rapidly
advancing or-rest vehicle tgch~lov $and capital-
Lzod ur the Caurorl smrch of technology a~s well.
While this, and their basic szemd-cravltsni
fumction, led to maey resobleamco betvos *a- Mad
of f-road mackizes, thery are, at the fusdamrstel
level of their rehicle-terra~.s iateractiam, quite
dif feroat, oem ia myimpsrtaa rsspects
Wsoyleted. This Use recoga~zedi in the iMl

I Ordamace, Ccinittse amlysis of m"Ids task dewlap-
* miat, already tlhded te, in which it en" P"LAtsd

1 21
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oat t!xst a tsaik Is as distiact a vektclo as sa air-

craft. 7!afortutnately, zhis basic fact Is still air

U clear to masy today.

Thus by the 1930'x there had bess coasldersble

activity In off -read vehIcle d40"i"Tlt over MaY 4

"ors$. Y4Ty eOUCis conffir-iatiats and schtwits

h"ad bee tiled, wanry nre ptrtosed. ts t had bees

coace#ved within a broad understuadixg of the astere

of the off-toed problem, and of the dirctiorus I&

which feasible solutions lay. Gsaadvoiset bad be"s

smcceeded over th r years by MorLs (18401, Seorst.ia

[11131, Rn•dolph [19271, Goriatckkin 111361,

Letoshaev (1936), s&a others La the asalytic treat-

snat, based upos staplified soil models, specifcelly

of vehicle-soil late actives. At uAd-d4*cd. the fart

tractor industry undertook a prvgram of systemtic

tests of tires (SAE Cooperative Tractor Tire Testls;

Co,,ittee, 19371; McKlbbea kh4 beolu his pieoaertng

research " agricultural tires (193S, 1940); and ,er•

mad there, as Ia the Egypt Corps or Arabia (I. C.

go"r) or Langievr, Texas (I. G. Loeaousmaw), wrn ex
discoveriag the potency of large pee:imtc ti-.lr for

big off-road jobs.

Norld War II quickly shOWd there was so" to

be loonsed. Umdei the impetus of tank and trwck
Liobllixattoms in the md of a worldvide war,

organized "svtoisttc study of the vokicle-TOrua-mmda

and esak soil p-rbleie begsa is Great IrItaLa (Cso-

aittee oa Mabd Crossig Performsance cf Tracklayimg

Aruaured PFigktiag Vehicles: Hood, Wickle.walit,

lkrkwick, Sbhrastt, E•vas, at al.); La the United

States (SAE VaT Emmrlgecy Tracter Cam toe sad tle

"Ordnanco Co1" e relus:, chMll, rr a,
•- I~Ulletto IW1l9mis at al.,.. and Uth BgawrL~ bleard..

_ I
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Engler. Karr); a"d In CasAda ('Catiousl
a .arcN c F-nz1 . Lwgg~tt, isie) This "cak

activrity Pro'scdIA several Lasic sad still usaf.fIl

coaoeiis on vahtcle-soil latora.ctios. a faw
mobilitr "fists' *a than curront mac.iaess, andm e

valid, working deigslr PtiE, ýThe Iaflwence of L40d
asd Inflatial cps the Sotection of I'Mu~atic TIT*$
for Xtidtary Vehicles" (rhiaad, 194S). Its mast

pvfofeu influience, hmwer, was to light the fase
for this Iliae #f euginveriag rosearch, whicb is
still Ipmetteviag.

At war's end, four basic approach** voet La

evidoe~c. In gritain, civil 0011iaOring seill

mgchaaics was utill:*4 as the fousatism for seat-
empiric analses0 *t vebicle binakge behavior is clay seUS
ISI~errott. I134; 3berrstt sand Evans, 19461. In the Nt'atd

States, the [agixetr Cor~s mos betgtAniag ftp. the same civil
eagineoriag basse to ceastruct its closely docs-
seated, o~iricai cawe posetromtor system for 7re-

* ~dictiag soils trpfficsbility (VHS, 191S); sad the
(them) Ordnance Corps had begun #Lpport of a modest
study of thep application to vehicle-soil probleme
of disiasiomal analysis (Mattall, 1949J. to
Canada, Sokkew was uadertaking to formulate
solutions to terms, syxthesizad from Tersaghl,
Sernacris, Coriatchkin, Nicklethwait. and others,

' which appeared to his more approriate, to simple
smsytic trestmant of the **ils problem pmes" by
vehicle, actions (Bakker, 1048). Defortumately,
the several approaches utilize different seil valuio
systems iad differmt iastriumots forr character-
Wiag seil straagth: the Iuitish shear
(tvans. 19101, the M cawe pem~tremter ITS =6
17, 1939), MWd the twoue-pan Pmetntiom, and Shea?,
bowutar [Paylics, 191).

13
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4 IIl*e .. h a-vrvo" && aidts st" ero!- s01:
,%Alm system 2114 Ioa?, htAtlu 1kA* $04001%t t*

I-Calme4 t It -*. b~gt"Rala, &'k *1i bave 1.4, is

tke troad view. to quilt# SIalla? t-ws1a1t (as t"h7
smst it at all correct), am* .f t%* #*rt cf Pany

* ~yvar, tollaisow1~ as commicte4 som Ia t"s spirit of
a ladies' writtliag match tki~v of scientific

imovirr. kt chis soma?. seso tvostj roars after
the Opeelag 1bell, there is still tw be validatod

and accented $oil Talums systqt fo OE ebCl**,*il

This is not to say tPkat th~ese years vmr*

uepro4dactyve. Ir1:ish iaveostlgatori are satisfieid
that their current motisos eorodmim rweeeuablo

results for v~hoojs ea" tracts in cooselidated c lay

s oils tL'ffolsa"a ad teens. 114S; Reece, 11431. Tke
Ceps of lagiseer. co penetrometer work (can-

ducted since Ilk' at VUS) by IM3 had oc~kiewod its
basic goal of pr*Aicting fine-grainod sell traffic-

. . ability in rvistion to uxstiatg vehicles by contact
mas (aitkt, IMS; Knight anid Rule, 171*1. Its case pe:*-

tr-outer approach kee stace bees cizteoded to PecessfulI
contact prodictioa Is smids Iftsk, 1111. 1141, 1143. Freitas

z ad Knight, 19631 &ad &a*" (Soli* at &I., 1155; Ilackm amd
* Eela, 1260), a-ad to prouliala prollimiary c-intsct stu~dios

In orgruic soils (Sck"zImar, 194S). It has also been the
basis for devvolo"mS metheds for foiretastizg sells traffic-

ability (Of. Ca.rls'o. 115,). for a suend bogimaxg of
tue mhCII b*Aded generalization of surface seill

1#6l1 cad Wnht, 1161; "T encd Knight, 1961;, "eye
194), sad for studies of mams to daetrimeo
tro~flicabilitv tby aenetact motbods uuknzg rinto
"Oseaso (Davis ot &1., 1145, 1144; Cart$, 19441.
The come !--mittoter her, -1kso pro"%i a~eful as th
basic soll steasurtvet iastrweux Dt dimusastIouly
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*abiliy to t k y r V!Sl of t iretps porffoce rvahsace

* [~'r, 1~31. lkkor's appw.cb to soil-vehicle
lateracti~ous has beca eaospmx4 V-P the U. S. Army

?sakAtsetlveCenter (ATAC), v:ýer* Its risefamiit
sad olobbrtatlo,2 aad Its spplicatiou to 446iga Saalylos

have bee. a mjor cowcers of tbe Liad Locomotion

* ~Laborutory. fosiaded by Sekkar Is lS4 [List**, 114$1.

It has also boo's adapted by EA-S, i a the system forI
specifying "ons soils. &ad for i~sitalas *ad
evaluating soon vehiclies (qf. ParlIcs, IM4) begl

and Galas, l?$s&.

6 (~Oly the fmadameutal disessiemul Lwr~cki kas

lacked coear continuity. However, despite simse
~ers"asiagly bad work is its as" fClark at &I.,
1941). it has in the post few yoars sibm sigps
o-f quietly boscostag a maiastay of currest work at

boheTC o. Lins~o aad Hegedus. 1%441 &adto1 .
Clark and Liljodahl, 1943; ib"S et 0l., l64d;

Pieritt and Sucbele, 176#). 'T~re sr* currestly

sm21 orgianitatimn L Wsbi comtry sad Case"a
having indoor soil bis test facilities for the

* study of oqoipmat-soil problems (Appeadix 1).
Wet are involved in oee way or asoetler with the
dimeasional approack, and fully recognize the fact.

4 4
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Al.•oulh the rtaearch ee te-raia-vou'.1.e

a-der problee, to- " or aot-to-go Is mud and weak

$Oils, the oxtes*4d problem, Including obstacles,

rOUgSAuss, vwietatioa, etc., is maw widely under I
study. moreover, in €ocsidvriag the design of off-
red allitary vehicles, sti~l other eloemts eater.

Tbe rurultiag asbience may be torsos the total. @if-
rued mtlitary vehicle emyiromunt. It my be coasidared to

cnsist of the combined effects o( clinmto an '
persomnel as veil as terrain. Soew cosceptiom of

its overall severity is gives by the fact that

standard Army trucks kave a life of approxisAtely

0,000 miles, while the life of less rugged com-

mercial road vehicles is normally reckomed L n

100,000.s of Kiles (Lyade. M91S. fut aaether way,
fully developed co rcial trucks Is nosinally
siamlar as* by the military save a reliability of
only 34-40 per cost at 20,000 miles, woere the cur-

rest overall target for tactical military trucks is 5

fl per cast (AIC-7C0-134, 19611.

Climatic, ev*s micreclimatic, compeon ts of
t0e emviressm t p.. of are gemerally diffase, sad

are normally troate4 as relatively 1oug-tsrs ph.-
wmes (cycles and statistically expressed measureo

of rainfall, temersture, humidity, radistice,
etc.). Short-term manifestatioms, such at heavy

Sratafall, hwever, cia have profeomd effects, sew-S

times directly (as o6 visibility), Mere oft*• is-
directly (as tkrch• k chinges ia current seol
mahneical properties).

*8 4
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r The persoaAel c€gvosst is more freswatly

manifested by ;zaeral aOiase of r,9k1ca t!ae by

treialet' tM their iate 'iijat arpioitat.m. 4

IEffects t:su to bj Arwy-wi4e. TNey vary -ta-•*ly

with troop wralo, tratiial, tow as rat wQef.@tzd

seox a7eel (or lack tuhereof) of a perthcualar

vehicle design, amA polro-s the tactical sitmsarlu.

Trts fAr the persowaol compo•eat tevars to vary

only in secondary ASA derivative fssaica with g•e-

"girephic locale. Its effects, hmwwvr, ca er-

shadow all others. Is extrem cases, persosael

behavior essentially m-related to tbo particular

physical enviranmnet can Almost totally obscwre the

effects of ather eeairommental inputs.

The factors which doscribe the terraia s*gwat

4 of the eaviroumt are of two kinds: those exapess- 0

tiag relatively stable, long term attributes, aid

*• these expressing the immediate state of sleeats

subject to seasonal aAd/or daily varlatios. A

vehicle's performamce is iiflursced by the gee-

I 1 mtric and echuasical features tad pr rties it
: finds point-by-poist And somret-by-sovent in the

Kterrain. These, in turn, reflect t.o combined

effects of both types of factors.

A slope is a &lope. Consider me of reaso-

able length aMd uniformity, ertre but cot !s-

possible -- say ose having a SC-percent grado.

Whether or not a -ivea, relatively nubile vehicle

will negotiate it depends as muny other factors

acting il coecert with the sl"e. All may be c-o
4 sidered, foy geeral design prpeses, to be Lse-

peadenc. It is readily "ppereot, for example, that

te type or types ef sell involved, their strati-
,, ficatiom sad moisture ccatent, the extrat ef super-

ispleed minor relief (sicrorellef), the surface

4 1
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foettzove (claireliel), vad tke kind sad cos4limeS

ofrtstall, fvveek may week.Al hvei vary la mere-

cries egee : iffrvt tpeit Ian stbe w1ft -C

.-tiave evaers a wutimaLtrs covere a troetis, &SA

**'fur eviealtere pd its stati eatint bytke

Th.ll vam-try facto tryday; t1&#gstate(ofree-,

* mtaicr, fre wemek) to be l willrs vetaryive ownt-r
sor-lotss s~road distrfetirs, poinrtl gin tb water

trvelm somisa PrAmsse cltua fkawersews etc..t, &
met woill oepr be altiered tosm ore t by bass
vehiclve'$ lassge.celmt.To a sflyb

Thelongter f~cacsfidtors -- lg ttsphy peseso

be crestead amina) thm~e Cemdem bevashe retctiag
$oi.;l tvrts adi. distrveatims, overlicron watlmer
rof lime, thi~r~er~ m cultura of soila~res etc,-

pmy fo gTth wstart he ccasiaet tof tnki bsid o
roaivu lr. ggegarealuis proUr say~u broadlyb

alz adclassificim -I:ed oflsforudeig geslogy

esenially cm ithte the (Tweor ofa classca fo rei
ntual aistic s todies 7Um iarinsble attrbdtsi ma
botie slal. reae natisva of te vasis, rotd basco

classifications -- inaa term f rasaf or, g"11-

rirsely, requirammts) is such areas, The coaasidev-

ablo .virca~moutal ros~arca vblch mml be dase to

~3
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!M&~c' ''I 2ttIlaI, via tý.* ccr-relAtlp. of t"e

I mairsi sti~~c clz%*if~cziI~u iyste ttA v tU~L
x o~ccurrtiwce of voveti-1rc &a.' vioclizialc festurwa

4mc PreeULif A*IZtA tz.& pdrf~rmato of allitary

dolkgn $;-,reaches.
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TTCUT!yAr1UULATTIWSNIP31;!;1ALI:

%.Ijty Is essestteolly fs,"~; 8"'04 is a Itreig~t

line or 's.d-aorod rward as ob).,tive vhew

astraigbt liso Is i51v b1Otl or 1gpr&tics1. A'*I'
ph**e* 9f Its stis4y (with the vaception Of tef?412
rooggpwass) h&VVobth "So, so-tc- sd 6;04d :tr'scts.

of nobility "06uld coesidov' tho fall ring of
spoocs five zero (No-go) as up to tbo Practical
uo~ratiesal &sitrs for varloos comditions &s &vtevr-

4 m~isoi by tho total tervain-"hficle rhlationship.

A gira veh~icle's perforuace in a terrsix at
any nsawat is a function, insofar as the tcrrasa is

coincerned, prizarily of the goomeric &*A nokwih~j

cal featuese sad prsopeties of the small tree two
vakicle "cupiee at that soat The so~t see*
Llaly variogatod towrrMA wr be brok~rm isto asap-
eble iacrvusits of reasonable bos~o~mity for
detailed tresatwat, sad subsequently Jatogrited to
obtals a final figure for a total trovvrse. ftv*-

0 owvvr, study "~ prediction of may sad all rrizary
facut of off-road porforuesoc are problem is
sagizooring sockasacs, basically staieso but med.I c=VIicar.d by the intriasic complozttry of both
wkicbo aMW terrsai govemtuy.

Is order to iscilliiAt6 i4,

of tim overall problem is arbitrairliy reduced bi

V 1 LgolAtnga varioss kinds of rsiileletorraia Late?-
eatims for istividualt sisplifiod, treatment. The

L I m~tioas are small? taiLUY Made tkat in theo
&me coolex taciumastal alttetions found is asaure
@operate effits my be cootaod essentially b7
wiPovpeoit ion, sad tkat the ordser of LWrvv ts

'A 5



4 I r~f -r*MCVintl~ siu- fit Piwlle,- wil b*w-w

*rfj~q Is 7.errelve km tg si filed situatIt5 asi well

4Altkov 1k w. strictly true. th*i s hvv ptvveo to h

useful 13 clarifTIZI tke comulete Victure an1d fnr
diesignu s*d great ositiating purposes. heroevvr.

relatlvely 'rure situationas, In wriick me simple
zyw of vehicle-terrain interattio-a essentially
coutials, are att uamcu.

The curns. 41ivsies of tbw vehicle-terrsix

wisiser. 176S; Grabow, 1164, 195SI treat% thd
torrairn separately is teiinS of

1) its suarface materials the soft-gr~omd

Rp2 its **)or t@~ograpky -. the sl preoebew,

1 3) its Seta surface gvointry -- the obstscle
probles.

* 1t is con-waient to still foartkov diviie cossider-
atica of tor.raia obstacles (3) according to the
kinds of vehiz1e reepvso they' produces

8) cositisuos rid reughooss, w hich results
i,% essentially coutisuems but made. vibra-* f tions of and vithis th. vehicle, Md Which tho
driver asmages as a persistest @teaut .1 his
envirensata 'witse level he adjusts thronpg
sp"0d costrol,

b) essentially singular obstacles, each of
5 which presents a separato chuillengs to tko

vehicle's proegress because cf mschanicel
I ~isterf.'rences, escoasive tractim domemb,

Md/si thi dOW9lePSaIVIC Of 02111001 .SiOSM eMW
OT dynamiic feicas aw a"In the vehicle, eud

* whick tho driver must doVl with~ esseattellF
"so-y-om; and

F -f -
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t C) plaviinstric etray-s of obstscles whir-% art

tosr.'ataIeby 0 girta re~lkcl. 8*4 uftich

K~oer C~'A"Mots of rtgotstloo sorn~lly (all
Is Mhs CatelmO)7

Obvliosly. su~bclassification of a particifer
segoust of terrain C*#uatry is imasse letter terva
will depend up" the relative SCSIe of vehicle a"
terrainl features, and, to a lesser eateat. "p. the
general characteristics of the vehicle. Coceive-
bly the same boulder Goeld could be oerelv rough-

ness to a very large rekicle, prse~at 3 successiou
of critical, singvlar obstacles to a smeller one,

"4n offer a field of ipsuru table obstacles to S *
tiny me. It is to boa noted, hffie'rer, thAt a full
qw46satitative depiction of Its thre~dinALM ional
goom~trr would prervide the basic data for stafyisag
all of these cases.

Finally. there are a sadr of characteristics
peculiar to retetatioua uhich smwtims Inluenmoce 0
practical mobility. First "An most importat,
vagetatiom often limits driver uisism, obscuring

obstacles, impouing difficalties in routie sol~octiea,
etc. Another ciaracteristic is Its resisatncs to
being owerrIddes by a vehticle, md a thirdl Is the

potential of regetaties to costributo to the
bearing strengih 9! the g.one surface, /or
to Its surface slipperiness.

7 7 ,7
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T%* lachnIcgy on tertaim-vvhicl* rulatiou-

ships prosontly available f~p thte desip of off-
read, grwund-crawilag vwhic1.s falls late categzrles
psrellI-1~ Viose juvt disciassod. -'he sstt-jru'ind

problem sad thgsoe 91" ruble0 are treated by
vehicle-soll mechanics steaming directly from tk* 0
VWZI roots. Tho terrala rougia.,. prebla s tomdor

Mobile "ride" tachaohugy. Sortive stuty of

singular obstacles and plmaimetric arrays of I
4 obstacles, sad of troublesome &*poects of vgeptaties,

is essentially youg but able. Th*enotire teck-
aeoegy bat since about 1963 boon amesisly ouiraced
alongl with related aspects of sarthimvtmg and
agricualtural equirnsut mechanics. by the single

torn Oter~ramech8Ics. 3

A uignificant buat partiallyv intangible asset
to tl-o state of the teckaclegy Is thie existence of
the lmte:ssllomal Society for Teora-in-Vokicle

3ystams (ISTYS). fo~xadod Is 190?, following the frmitfel

JaieO 1341 [JIMS, 1341; also, O1gorkiowics,
19411. 15115 was formed "to effect the o~:~.

med advaacomoat of knowledge of the seckswics of
tArrais-vokicle sysoteme and soil werking nachizery
In all 0tveinommts.0 As of 3arly 19## it had 134
U. S. members and 13S fr-u It other comtrtes,
i&OcLudg tvo Whisd the curtain. While the U. S.
mobership is proedmissaatly fr-rn the allitary 143

4 f~stAblishmonts isvelvod in vehicle problem, arni
their costuactors, few poiree of the MM@. L

t -7- 7
M.A ~s

.~ ~9 r
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wmabrsthip is %sao vp of universty r*osarihers LX• agriculture and €oastvctioa a2d profesvioals

* asociated with Comer:cal 0oprsti•ns. Ap.reaj-

sately 1O percoet of the total vez.srship is

invoelwod in -esearch sad davelompowt of s% sort.

5.itUinag in 1$64. IST•T has sponsered a saib-

steatial quarterly, the dvureal of
ably edited by A. R. aRece, of the Uuiversity ef

Newcastle, U. K. I& Ampwat l1sO the society held I ,

its second international coaftreace in ý4ewbc City,

Qvibac. Tb. accuiated file of the Jeurnole, the

* Ploe.dinfgre of the Turin and Q•eb4•c cofenreacas (ISMTS,

1961, 1661, plus the ppers preosan"te at a series of specially

organize sessions OR gr nd aebility at throe rmtectivw

Society of Ateomotive CAgiwo~rs (SAI) coagrosses, 1-3, 1164,

I"S (oet &UA, 1164), s•d the 19$S lastitutiou of %Khcmical

4 Ezgioeers Symposium on Eartk-ioviag Machliwry (I[X. 194S),

t~lwbdls 194S rlpOrt and som IS rceat ILS repcrls listed

im Appendix I, provide a to"Cd wrking bWligrrphy
of the curTint tecMoelry available to the destglor.

The SAN series ed*s a fsrtwher and necessary
0 l d~uwlasio, system analysis, to t"e overall tach-

iolegy. And in its train, system analysis

implicitly brizpls t 0e need for quantified d .

gsemrlaiied torrain infermatim em a large scale,

and often &'or areas whero contact procedures for

obtataing it are interdicted. Theso are the

problem of eaviroumatal research. The cast is

Scomplate, and the die is cast.

* 5
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V*hicle-soil vC.. iiLs is vis castar -.- aA ct

the *atir* chain. Is the complete 'ssatitatiro

systesi approach now tla forte-, it is also tam

weakest. Whila it is generhll, cmcvd4d that -e

210 years of accumulated researc have contributed S
4 usefully to auslitatlve mdarsta.adlag of vehicle-

soil relatlonships 'of. Oorkievtc:, 1962J, it has

yet to reach the toa& of "Muamtitstlye .mer-

ateadiaI of the performaace of vekLcle T•ial

gear in simple soil systems" enumciated by Recse

SIn 1965. In fact, it rust be ac:tee that,

qusatitttively, "... the ability to predict
vehicle perfor'ance is very poor . . .I f.•ses,

4 Most "der the rgu, becase of the lol costi-
matty of their supporting research, their wide

publicatice, anud the claim s*a in their behalf,
are the simplified analytical zothods and asso-

elated soil value system based open RWekr's
d ;pimeoriug early work (1956, 15601. '%eir cuueras stastu

wes simbaritzed by shkker Ir his Jams Clayrce
SLecture before the Institution of Mechanical

- Engineers [1K)3). In tOn past 12 years Rokker's

I aproach kas bees carried forward largely Iby the

g ATAC Land Locgmtiot Laboratory (LLL). As dve loped by

*LL, the system h" derpartod sowIat fr-.- so ci
Sekker's 'arlier simplifications, .jWd is now

geerally referred to as the "Ul.L Systou." .miJtkleesso ths

spec4itc accuracy with vhicb Sunc simple ad fuad-

Soestal parfeormac. ions 88 vw drawbor poll of

euistiag PuWmtic-tOred mad tractke resicles ia

smouted sail cedliM WAy be calculated by tuls

system km Sbee poor (laeel Trackt, 363; Clasn,

S131. Hece [11641 co~cludod afteu a iall yvar's

* 41
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eoxpoeure to tke ou-. els 8 III r•et tat"

-: oke~r's sytemO Is not as ciesttfc thneory but a

4' •'- kypotk~sls " AS I&?* " 1963. LIS be|tliazn ont*M 4

otu'Jis osC0 ¢ so tasks at Cie Sts°. Utiwerslty,

It was d~clgod, after revievtng the e0tustles,

tO Istrt offeti~vlJf from scratcl to delvolp sio

to calculate tiU porferssc of tracked wuicles

1s weak agPle {rloff, 1%2', 1%441. Criticism of t"A
details of te LL coecopt are at loast as airin
1ef. Littlo, t1962; PoT1s", lI"$; Reece, MAO14 196$;

A*%ur. 1"44; Willis ex al., IM4; Nvorslov, 1963;

Ieoce and Wills, 1963; Cleare, 1I4%; Yodyauil, 13•S;

Reec. an dA aa, 19lt; billIS, 19"4j.

Tho vweakess*# of tke uorrVoL2 LL system ane
A4

-~ rotognis*d by LU. both dinocvly (L.1st.., 1144i sed
A Indlrectly, Is their costIl•ing suppet of and C

requirem•ts for further , mere basic soils rose*"%

(of. A•IC-•DIU, 196). Tre systou is ably dofended,
b-eovor, as the t ost VMCed, Practical, prwsiagl,

and quanitative arvilable, sad os pr9v"disa

reliable estimates of the P,#1.si. soft soil par- 6

fornsamc of an arry (Af vehicles [Listom, 1,51).

The LLL system is lso considered is sa &&qua"

basis to besis needed system usayilos (Bakkor,

1164). The necessity to oexress soA2 and vehicle
parameters, said their relatlcaskips to monurable

vehicle performance, Is quastita:•v ýorms; cojaat

be desiod. The L.L syitsn does provide methe*

matical models so necessary to modern cometer

stod"e$, Mreover, the models aem eufficiently

complex to give sock oeircieos the test of a
inldysis requirnlg miestly e4tasced systei ad it-.

mesical technique. Whethoer Or est, is the face of
tA7 ImprecisIo o the basis modals, suhb smulyls

haew meamisi beym demmnstrstia Wket misht be
dew ith proper models, is mother questlon.
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L.Is not d1jrA. Alikeugnthe tb ritisk gioe~r,
ally coarodo th~at thIr solwtnias for wh~eels A"

U tracks in ceasolld~atti clay soils are ýasicsny

SwMd (Asce, 116s; Uffil~awts 44 EVaI~A, ~IM),
accuracy is poor vl~os slip and/or Slakagt b*Coins ppraCIahlo 4

4[(f. to"*e *ad Mes&s, 1261; Willis at &I., 124S). And the
wesertble, W15 empiric 9us~atlos (wr esis~l~tiag tiA

strength of fits t8ai3d soils (in torm of coee
Indic*$) "eedad for the trafficebility of Posesatic-
tired vehicles umborm, or at lieast extested tKaight,
lISS61. continues to be revised regularly as the
realities of further vvhicles are *Scowtorod

(of Ruk.1962; (lEA, 19GS; Rah &ad S~ckroiaor. 194*1.

Of the 10 year-old WES program in the wobicle-

soil mckanics aspects of jreoud mobility researchk,
asdistinct froe their trsffIcsb~llty research, It

F Cam Only be said that the cowlative results are
becinial impressive .1f. GreeM et &1., 1964;
Freitag, 19411 but are eussentiully unvalidsted by

desip .pplicatiom, or In Independent field trials,

Finally, the current stats of fumdaaeatal

u* nderstanding of soils and soil-vohicle relatiam-
0 ships is sack that, despite usay attempts beginning

in 1044 (Merkvickl, the first-order problem of
I formulstlug defiaitivv, accorpied, rtassoably ceim-
ý;ruplot* dimes bail suaclyeS of various types of

soil-v'whlcle behavior is, In effect, still In abOy-

once. Wbile this gap is mt appireat In relation
to dgmawis soil-vvsAicle relationships, there is met
oeor a clear comsasias am static sualyies (10tt&11.
1S93; Vtlletts, 1914, Phattull oad liGovaa, 1961; Tiacetu
st al., 1943; Sckavi~g, 1IM4 LIeUM a"d 11eg."G 1164;

milien,9ie; 'yGr3 14; edea et &I*,
1146]. At the rot of the prublo., agais, io the

A laIN* el a Validated aed aCCeptd system of seil

:.44
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A dimenn1.al aSlyalrs is t s itincomplete t

analysis, 9sthe•atically SiLle to petforu.

Although It is so imdlspa•table to.l if pl*Aain

scale-model tests aid laterpretiAg tkelr results,

the true lopoe-L .s of a dimensioael unalyuis lies

in tho is, .-iat it deomads t"e see deirso of

,e0ie Understanding of tl• phoenoseo. eNder stmdy

as does ay sort couplets sad powerful analysis of

equal vall r and refineamt. The measurable

prvperties of the overall olil-vehicle system used
in formulatisS the one must be ideatically those 5

used is the other. For this reasom, dimensionally

oriented erperimentation, exploiting scale chsage

as s major controllable variable, can bs a particu-

larly poverful mwas to stu4v tie validity both os

general soil-vehiclo comcepts antd of proposed soil

valuo systems. If the validity of a di"easiomal

analysis comet be satisfactorily sad widely

demstrated, noeitker can th&t of my more formal

molyses starting from the sm p-•msises.

In retrospect, it is evident that the develop-

met and verification of basic dimensional na~lTs:s

of soil-vehicle problem should kave been the first

order of zhis business. cwi of the conflict,

confusion, and lost motorn of the past 20 years can,

in fact, be traced to the fact that the relatively

mproposseosing diwaxsiSmally-oriented research

wbich could have provided needed clarification of

the fUadaMatju's of soil-vehicle interaction did

"net receive the suppevo, that apperently more direct

mWd Sla••e. approaches 4id.
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Y.WC,€.161t , e,, .antc.t . Credits

Despite the cmearuse that mock of the prestat tockaelesy
Is t1i0oqtsato to Calculate accorately the Soft-

Irmad-crtisiag performamco of vehicles, theot wer
ar many bright eýots. First, several diftervat

iv•stsgaters have shoa tehat the pri•Gu• soil
str•altk yaTaatert messvred by the devices emplovea
In the several systems -- the cone reaetre•oter, t01
$oeor vine, the bov8aeter "lste/oskeer tester -- do

corrtlses reasseably well with oea a.ether ad vwith
standard civil eagineerlng soil strength detervni-
atious (•f. Jasosi, IIS9; -Smitt. 19#2. 1164; Osmos, 1|64; 1

hakcele, 1964; Bailt) and lebar, 176S|. Uc o",d the

several approaches may be shows to converge in
rather simple ters and to hove r degree ef corre-
latiou in their assi pment of relative performance
potentiuls to a atrray of similar vehicles vbich

is remarkable in light of tU heat of past costr"-
Sersy. and the cowlexity of soils, both real and

lmsgined.

As ma example, wmich will be put to further
us* in a following section, simple soft-soil per-
forma•nce indices for pnouaatic-tirtd Yvbicles are
developed it 'apndix III, uViliiagn the f=llowiag

currently published inforustios:

1) Thi Eklumd Nobility Factor ([klnd, 19651

1) The VIS SO-pass trafficability criterics
(YVA, I%$1]
3) The VU saud tests (Froeita and [aight,
1963; Fraltal, 1965J

4) Preliminary VU clay test results (?r•itag,In I

5) Prolimintry first-pass trafficability
criterion (KNAS, 16151

.1
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6) 1'% FYW271 e"vailr for rigid sseols In
cl ay (Of feliassn' 1;611 4

•r ) Th iLL soil yal-j* s-iten ihd soil-

voki€l* &*oel [',irrisoa at a;.., I-PS1

The results arv 9-jamar!tad in Tsble 1. Iu tkaso

Simplified *oevvesieta it Is a~pprtat that thorv

is €OPSlderdible basic cousistepcy in tko results

f?"m the leversi nsmisally competing sources. ;a

clay soils, 8l outer things being equal, rodectios

is the se4ais1 unit grommd pr~essure (nA) of a tires will•

clearly extend its r-tngv of' 0"•rpttie isto wvexor

sells re u~tter whose 04004 is used. geroevver.

there is sccY~ss-th*-ýoard agr**ewat that the ea**

MUGJ on vvklcles in dirff~rrat site classes willi

result In thO sawo or.Aer of performnc of each in

field clay coaditttau where the sail streatk~ Is

unif•orm with depth. The results of WM5 traffic-

ability fieldwork agree well both quialitatively

sad qusatitet~voly with laboratory sd sanalytical

treatments, despite týA fact that the fieldi tast • 9
I • ~results reflect complicacial factors s"A as s,)l!•,

remolding sad stratification. sad the effects of •

i nmultiple wheel behavior.'

Olrbitvartly Wlat&e throujtbov tits| report

4-0 -- a V-/br ( - -

where Vl eve~rage load on a slisl*e

tire (1'6)

b unmdefl.ettod tire feet.os

width (13.)

r~i 4 /2 0 utnlefleeted %tsr

entelte radius (!-a.)
0

I ,I

S. ,e,
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larsgr measres) ofy erat rt hiher tiomiontack uis

Polltis, Pithu las dIwar pull ruzcrlatio DV)o stoa
rmatilerd) weicere (ortires)o ath CSToipmedoiAIY

111M10 load1.n s

They aesltso areto sfounde Iaa useful dsgree
too, hetea thy paleahd tkomooIosht1 enlaborat

sysrtem n alse ort t at cty Asrwc (1a ) matter of ac,

haps uiied tat oarious ui~pat grimiplessur which

fIwsceiaue fawel rtro tcL

is et hicld, ee fusi n pctifiato efth stui osve for

*?be , /~3 VloU *11e fet(f lud 941alls 9

peat sire dyasa#Ioc plays as.rrl se7r
Thaey alof cstirs atutesarl s Ind @&ad isfu dersigsd
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. . .and for Tracked Vehicles

The situaticn with the soil mechanics of

tracked vehicles is generally similar. Although 4r

the theoretical problem is simpler at the level of

a first-order solution, it is nonetheless complex

bpyond this point. At the moment, precision of S
quantitative predictions of tracked vehicle per-

formance in weak soils is low, particularly in

critical situations where sinkage and slip are

high and bellying incipient [Wheel Track, 1963).

Available first-order analytical methods for

calculating the performance of tracked vehicles

(Bekker, 1963; Evzns, 1964; VNEA, 19651 show that,

as with tires, simple nominal unit ground pressure

(NUGP) overwhelmingly controls the basic level of

performance of practical vehicles. Both Evans 5

119641 and WES (in their mobility ý ndex calculations

for estimating tracked vehicle trafficability

requirements (see VMEA, 1964)) include elements in

_ 4 their equations which reflect the less-than-ideal *
pressure distribution which occurs under a track,

but in practice these have but small influence

upon the calculations of ultimate go, no-go soil limits.

Nicklethwait (19441 is generally credited with

* being among the first to point out that, due to

track flciibility and the manner in which the

vehicle weight is transferred to the tracks through the

road wheels and suspension, actual pressures under a track may

vary widely from the nominal or average pressure.

* Shortly after Nicklethvait made his observation, 0

tests, in which the behavior in soft soils of a

standard vehicle was compared to that of the same

vehicle fitted with a crudely girderlied track,
demonstrated the validity and potential importance

S4
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.4. of this fact (Giles, 1945). Later Bekker elabo-

rated further upon the matter [15561 and numerous

other investigators since have reconfirmed it in
experimental investigatlcns [of. Uffel-ann, 195S; •
Little, 196Z; Freitag, 19h5; Soflyan and )Maxiaenko,

1965).

However, acceptablo mechanical means to pro-
vide eff±:zive track girderization when needed and

4 still to allow the flexibility required at other •
times have not been forthcoming. In prdctice it
is accordingly a q•uestion of a trade-off between

malimum soft-ground performance and many other
performance and mchanical problems. The result is

that, despite their demonstrated disadvantages,

flexible track structures have prevailed for all
but slow speed machines. The feasible design

choice has rather been between the use of a small

nuaber of large wheels, which are favorable from

ride, obstacle-Crossing and mechanic&l viewpoints,
and a larger number of smaller wheels, to provids

more nearly uniform track support, as successfully

done on the WWII Weasel. The compromise of using
large, overlapping wheels (such as was done on the German
WWII Panther tank -- for other reasons) imposes
both severe mechanical proolems and performance
difficulties in heavy soils which pack into the

interleaved suspension elements, and is considered
impractical. Perhips some of the air-supported •

* track ideas now under study [of. PATA, 19661 may

offer the long-awaited solution, at least for light

vehicles. In the meantime, the situation is a

textbook illustration of the compromises which

must regularly be made in the design of any off- 9

* road vehicle.

Si •55
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4 Reece has recently pointed out that existing
track (ani wheel) analysez hav- been incomnlete in 5

Ignoring the development of what he has termed
"slip sink&ge" 11964, 1965. 19Q0A. To he
realistic, calculations of sinkage, and hsnce of

4 motion resistance, must allow for the fact that at
high tractive loads the supporting capacity of the

sail under the vehicle is seriously reduced by the

simultaneously applied tractive shear (see also
Yong and Osler, 1966). In addition, as in the case

4 with wheels, there Los thus far been no serious

treatment of the track r-oblem including soil
dynamic reactions or other aspects of the compltte

soil-vehicle Jynamic picture. Finally, again as
for wheels, the soil mechanics of tracks is

4 fragmented by lack of an accepted, validated soil

value system.

Vehicle-Soil Mechanics -- Directions for the
S iFuture

As the master link in the chain of terrain-
vehicle relationships needed to permit the valid

application of systems approaches, and partioutaity
in Weation to these neede, such remains to be

4 done in vehicle-soil mechanics. Knight and Freitag
(19641 have properly suggested that future research 5

must be more objective than that of the past. This
is primarily the responsibility of those working in
the field, but they would be greatly aided by more

4 serious efforts, direct and indirect, to validate
their theoretical and laboratory findings by care-

ful field test work.

And it is still not too lte to undertake the
careful, painstaking, uncommitted dimensional
research which would realign the foundations of

S6
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the entire vehicle soil mecnanics structure. A 4

properly desl~ned program uould go a long way

toward establishing the single dccepted soil value

system which has thus far proven so elusive, and S
beginning study of the practical aspects of soil-

vehicle dynamics.

Young has recently called t.e attetion of

soil-vehlcle workers to a powerful method to

handle the "distortions' which must occur in

attempting to work with models in real soils hiving

both cohesion and friction (1965, 19661. This

problem was recognized from the beginning of soil-

vehicle m*del considerations by Mtrkwick (194,;. It has
bedeviled ruch of the work since [of. Liston and ilegedus, 1964;

Hegedus, &965; Goodman et al., 1966; Goodman ani Hegedus, 1966;

Wills, 1961, Reaves, 19661 and led to a needlessly

gloomy outlook on the possibilities for the use of

* scale-modeling as a practical design tool (rather

than a tool for theo.retical work). Others, of

course, have been more sanguine and have proceeded

accordingly (of. Nuttall, 1949; McEwen and Willetts, l95;

)Iuttall and McGowan, 1961: Schuring, 1964, 1966; Schuring

and Erori, 1964; Emori end Schuring, 1965, 1966).

The distortions involved in practical

vohicle-soil scale-model work are outlined in

Table II, taken from Nuttall and Raimond (19561.

This table also illustraces so=m of the possi-

bilities for exploratory experimental study of

vehicle-soil dy-naaic relationships which the
dimansional approach opens.

As another basis for further progress, the

recent suggestions of Reece bear most careful
consideration 11965]. He has proposed that the

vehicle soil mechanics problem bg treated within

57
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the frimework of engineering soil mechanics insofar 4

as possib.e, introduci',g dimensionless samiempiric

elements only as necessary to deal with such things

as unconsolidated soils, extreme stratification,

dynamic pr(.perties, etc., which are peculiarly of

interest in soil-vehicle work. Implicit in his

proposal is a return to the accepted soil value

systev of civil enqineering soil mechanics and to

dimensionally sound basic equatlons. In that respect,

Reece - proposal iw not new. c. course. The several

systems extant each started out in one degree or

anuther to do just this.

We'ile these technical objectives are

important, the problem of motivation is probably

even more so. Workers in vehicle soil mechanics

are handicapped by a long-rtanding and continuing

lack of responsibility for the correctness of their

work. Until recently, there has been no use or

demand for greater precision than provided by the 0
Sapproximate methods they have developed. There

has been no feedback from practical design success

or failure that could be dirtctly rclateO to the

adequacy or inadequacy of their vehicle-soil

models. Accordingly, every man's answer has been

"as good as the next's, and correctness or

adequacy has tended to he judged by the number of

integral .-igas in published papers. The blame for

this situation is shared in many places. However,

a solution, which could benefit the entire vehicle [

design and RMD process appears to lie within the
organizational framework which governs the caneuct

of military vehicle design.
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(Ither A~ ectS of Tcrr ain-%*:-icIv 7c rhniIorv

The dvnamic b"havior of a seliicle onerntinp

on a strono, hard surface o" Inown Reometrv can

be calculzted to a hieh rrecision by the methn&.

of eneineerinq mechanics. The eleprents of the

rrohlem are the geonetrv of the surface and of

the vehicle, the mass of the vehicle and its

distrihution, the articulation of its rarts. the

clistic and dampine characteristics of its stric-

tiire and runnine gekr, and the coefr;cients of

traction of its runninz Rear on elements of t!%e

surf.-ce. Complexity of vehicle Xeometry ant! rrten

cf surface Reometr- makes this a problem for

comnuter solution. hut the fundamental enuatinrs

are known and need no particular research. rhe
uccu-acy of the results depends entirely upnn the

detail with which the vehicle-surface systuam is

modeled and the accuracy %ith which various dynamic

constants are assigned [Imith, 19651.

While the behavior of any Riven vehicle

operating at a Riven speed on a given stretLh of
hard surface is fully determinate, th- vrohlem of

surface roughness and its effect upon vehicle
'ride" lends itself rather to statistical treat-

ment. This approach has been under stuady for some

ten years, primarily by Cote, Kozin, and Bowdanoff,
who are currentl7 summarizing their work in the

Jouwral of fgerameehanioa (four parts, starting with

Vol. 2, No. 2, 1965: see also Holland et al.,

196SJ. It is an important extension of relateO

studies in automobile encineering, communications,

seakeeping, and road and airfield work.

62
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4 ~For purposes of statistical treatm.ent, thz

surface is ccuisidered to be a weakly, staticmr-er
random process and way be specifiable, accordingly,

in power s-oectral density (PSD) terms. noe PSD
then becoabes a rtelatively simple descriptor of

what is in practice a highly complex surface.

The power of the PSD approach is that, within a

range where the vrehicle vibratory system say

reasonably be consid'ered linear, the vibrational

motions, accelerations, etc.. of a vehicle c-,erating

c-n the !urface arm relatively simple vehicle

dependent functio~ns of vehicle s7,ee and of the
PSLP of the surface,

Other work has demonstrated that hu.-n
responses to continuous random vibration may also

be quantifiable as rvlatively simple functions of

¶ ~the PSD of various elenvents and courionents of those

*vibrations [Hanazoto, 1964). Since it is predi-

cated in terrain-vehicle studies that speed of an
off-road vehicle in aroderately rough-terrain is
iinited primarily by the tolerances PnI judgubentsi

I of the driver, the PSD ^pproach to describing
terrain roughness has a relatively short and
direct linkage to off-roxii speed. Van Clusen has

suggested that the linkage may, for design

purposes, be shortened still further by considerizig
the vibration characteristics of the vehicle whten

* ~subject to a "white noise" input (which is an ii~put

having a constant power e-or a wide rang* of

frequencies) rather then the actusi terrain PSO,
and relating vehicle rcspese to husm response ir.

three critical frequeuvcy ranges (196S).

There is presently considerable concern to
establish precise hum-n comfort, tolerance azid/or
related judgment criteria. Approaches rang* from
the use of simple accoilerox .a limits [Aspinwall and

- I3
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X Oliver, 1•64; Mathews, 1964; Rotenber; and I|.rt"a-

chenko, 19661 t~rot.h various detalled factorings

of the total vibration environment lIto PSD's of

various couronents ('anaaoto. 1964; w5n JDusn,

1965), to an overall "absorbed powter" concept

recently proposed by Pradko et al. [I15$, 17661,

which employs PSD's of the vibrational environmnt
directly. lacidentally, Berliet, the French

desiltner of large off-road trucks in use in the

Sahara considers thst the loagitudinal vib•a•ions

of the driver are most discriminating r19641,
whereas most of the work in this country has been

concerned largely with vertical motions and

accelerations. Any criterion, howsver, is goint
to be statistical in nature and variable to some

extent with tho physique, condition, and flan of the

driver, so that the practical usefulness of develov-

ing high precision in this area a~pears limited.

In jumiary. means exist to characterize a

given stretch of terrain of complex roughness in

relatively simple terms, although the field and

anslytical methods are quite complex. 4eans to

convert this type of inforsation into actual

vehicle behavior at any speed exist at all levels

of precision. And finally, reasonable naasures of

the human tolerance limits which will ultimately

control operating speeds have been dvveloped. From

the vievpoint of design calculation, the system

aplears adequate and complete. Lacking are the

orders of magnitude of MiD's which smo reasoably

4 be expected in terrainx of various kinds. Accord-

ingly. such further work in this sector of the

terrain-vahicle relationship problem as is needed

is largely in the area of eaviroweental research,
to classify terrain in meani•gful terms mad to

4 establish ?Sd ranges associated with each.
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While the terrain roughnessl problem is usually ;a

discussed, as above, in terms of human toleratces, S

it also his profoun4 and rerhaps even more important

use ta the desi--er in establishing the fatigue

stress environment within which the vehicle at a
whole or any of its components must survive.

4 Suspension components, of course, are most sensi- 0

tive to variations in speed and accordinqly their

detailed design -;an beneiit most from this type of

terrain quantification [of. Blythe, 196S). Note

however, that even here the human component is
important. Rational design should ooviously be •
based upon realistic estimates of operating speed

in terrzins of varyg•n severity, and these in turn

ore a matter for the tolerance and Judgment of the
driver, who responds to the behavior of the

couplets vehicle as he senses it at the driver's •
seat and controls.

* . . Obstacles

Those geometric featuros of the surface which 0 0
are too large in relation to the size and perhaps

the speed of a vehicle to be includ*4 reasonably

is the statistical description of the terrain mat

be trsated, beth by the driver of the vehicle and by

the analyst, one at a time, as obstacles. These 0

include such things boulders and staps, slang

with more continuous features such as drainage

ditches, minor scarps, etc. The problem is both

qualitatiiely and quantitatively well umderstood.

While in marginal cases some vehicle dymamics are
involved, simple static analyses such as first
offered for conventionsal wheeled vehicles by
Rettig and Bekker [19581 will oftem suffice fr

68
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a design vilopolnt to establish theo first order zo, no-g45•

4 ~aspects of the vehicle-terrain rw&,•ornship.

Simila: generalized static studies cn the ubstacle

climbing abilities of crticulated wheeled vehicles

and of skid-steered tracked machines have recently

been publish*o by Jindra 1966] an.d Janosi (1766],

respectively. The dynaiac aspects, such as

dramatically investigated by Saith f196S) In the

course of demonstrating the validity of an overall

4 vehicle-terrain dynamic model, are, however,

potentially valuable in establishing maximum stress

levels for which comonents must be designed.

3asic vehicle indices of the potential to

deal with obstacles on firm surfaces are such 5

* simple things as angles of approach, departure,

and break, ground clearance, suspeasion compliance,

dynamic clearances, etc. Qzrrent work at WS with yielding

obstacles (ef. CohrOn and Werner, 1%41 brings into the

problem suck additional considerations as the traction * *
* • available to a vehicle and the strength of the

rAterials which comose tne obstacle. nbile some

rough -.-lues for estimating th* nasnitu4e of

effects cf this sort should be available to the

vehicle designer, detailed elaboration would not

S appear profitable.

The tam my be said for considerations of

speed of operatiot in fields of obstacles such is

forests. WES work [Cobro and Warner, 1964) has

demonstrated that under Idealized comditions the *

maximm feasible speed of a give. vehicle (with a

given driver) is a relatively simple functiom of

the mwas spacing of the treos in relatiou t. the

#siS of the Vehicle. In Vracticetl sitUatiots,

* I however, suck factors as visibility in relatiom

to spotting obstacles nd naaiatiA~iAg a desired
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course will usually alter tils basic relationship

beyond recognition. Accordingly, highly dstriled
exposis of this kind of actiov can be of only little

practical use, to the vehicle designer. Other 4

aspects of vegetation per te, such as their

Indirect influence upon traction and/or visibility

would seem to fall in the sawe category. •

Past Uses of Terrsin-Vehicle Technolory in Des ij

The direct uses to which current terrain-
vehicle technology have been put are quite limited.

Such things as nominal unit ground pressure, angles
of approach and departure, ground clearances, etc.,

have been of concern to off-road vehicle designers

for many, many years (of. TX 9-2100, 1943). Inso-

far s terrain-vehicle research, oad nore
especially vehicle soil meckaaics research, hap
improwed pgeral understanding, it has bees of sam

value. However, the period of the research has

also been a period of increasing awareness of off-

S0 road mobility problems generally, so that the net

effect of the research per so in this regard may

atually be negligible.

Prof. W. P. Duchele (Luiv. of lows) has suggested that

*be reason for the slow spread of more refined methods and

concepts may be that 'the designer temds to ase

what he learnrea in schnool" (!254). Peri•aps still

sore basic is the fact that the torrsia-venicle

research has deosotrated that the performnce of

a vehicle off-read is ovrvholeingly determined by

its form and scale in reostiza to nature mad is

but little inflmuced by mrsll minor details

* md gadests.

?0
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For the research results hove emphuized

asain and again that no Pajor gains can be made in

4' tbe off-road mobility of ground-crawling machines
without major changes in overall vehicle form or

configuratio•i. There is no cheep way. Thiere art

zo ginuicks whict will endow a stsndard 6x6 truck

with the modest soft-soil performance of an M113

APC.

The basic level of mobility of a iww vehicle

is accordingly fixed very early :n its design,

frequently, in the military case, in the detailed

statement of "requirements" before "the designer"

puts a line on paper (of. Tuttle, 1964). The

designer -- in this case the engineers and drafts-

men seeking to meet the requirements in a piece of

working hairdware -- understandably has little

practical interest in the broad generalized results

of the terrain-vuhicle research to date, which

relate largaly to the form and fudanental outlines

of che design. Scope for the 4esigner's efforts

is largely limited to getting the last few percent

*2: of periormancv within the tlnt and sometimes

unreasonable limits which have been handed him.

The research to date s1mly has not dealt with this

level of decail, where fisndamental consideratioms

show the.-* is no scope for significant improvements.

Such use as has bean made to date of terrain-

vwhiclo resevrcn, and ef vebicle soil mechanics in

particular, has been in a few, relatively recent R

4 design and concept studies for t'e ailitary. Thoese

studies ere an importtat early st,* in tle overall

process by which nem vwkicles are emt-st"ly1 pre-

duced, and are one a&prvpria&t plai-. for terrai--

vehicle inputs to the d&3ipn process. AIAC has

deeiastrated use of the LLL systnP is •r.k stvdies
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(lUarrlso= et al., 19S9) and in generalitad opera-
tional stud'ts (Lucas, 19611. Thy also no X
regularly use this nmthod to comtuto the soil 5

perforusnce of proposeo new vehicles for compari-

son %ith existing vehicles of known performance
(of. Moore, 196S; Arno and Blschoff, 1961). In much

the sawe manner, the British FVRDE Is reported by

F. L. Uffelmann (1964) to sake some limited use ot

Evans' trtacked vmnicle equations.

Chrysler has employed the LLL calculation

procedures in several concept studies of tactical

trucks (of. Jones and Lett, 1963; Lott, 19651, one of
which led to the development of the XN410EI Z-l/2-
too 8ri (Moore, 196S). Dugoff ot al. used a

broad base of vehicle soil mechanics indices,
similar to those developed in Appendix III. in a

study of "cou~led-sobility-devices" (1964). A

recent published example of the use of soft-soil

perforwmac calculation procedures (both LLL and
WES) was in "Vicksburg Mobility Exercise A"

IThEA, 196S), in which a beginning was made at
studying the trade-offs possible between inherent

vehicle off-road capab•lity and various modest

lewis of engineering support effort. tyxiszwvski

has recently utilized a computer to develop curves

showing tires end tire combilations expected to

prodtvwe equivalent performance in soils according

to current LLL theory 11966). These should find

wide use in future design studies.

The AKPA/luskips/Chryslr Marsh Screw is

coasidered by 1. D. Jones of Chrysler to have beeo

generated in relatively free response to a
fumctinally stated operational need and associated
enviromsetal infornation, although name of the

terrain-vebicle calculation procedures under
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discuss, worer• spicllcall m employed. Jones

points out that, ly and large., use of environ-

mental inforsation in the design of general purpose

vehicles has until now been larg*lT "intuitivo."

(1964) S

On a far nore modest level, as noted earlier.

ArAC from time to time has used a simple hUGP

specification in outlining the objectives of

various desip, studies of both wheeled and tracked

vehicles: and Buships, in designing their wheeled

amphibians. makes use of the Eklund tire load

inflation schedules for seiecting tires.

Meanwhile, back at the moon, NASA has accepted

the LL. sy:iten as a basis for designing and evaluating

potential moon vehicles [Worg and Galan, 19661. In

surprising contrast, It is reported that although
General Motors received the prime U. S. contra7t

for work om the M.in Battle Tank for the 1970's

(being developed by tl.e U. S. Army in cooperation O

with the Army of the Federal Republic of Germany)

[Ar•y. May 1T65; Ordnance, May-June, 1965], they

have not. utilize, their in-house capability

at the Defense Research Laboratories in this

effort. S

Finally. in relation to coercial vehicles,

there has bee: almost no use of formal terrain-

vehicle methods. The known exceptions are such use

as Roger Gaausnt made of the LLL methods and con-

cepts in the process of designing his pacesetting

(Uam Goat [Journal of f"orm -- hanie, Vol. 1, No. 19

19641 (ultimately for sale to the military): [err's

1omg use of the Eklund forsilas in selecting tires

for equipment for thi Arabian American Oil CoWany [ALAOIA,

19531 for use in Arabia [[err, 1950, 19SS. 195b]; the
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crude loadinj and scaling concepts which guided i i
the design of the muskel-going 'usk-Ox for Inperial ,

ril [Tht Ao'n, 19C1]1 and s.- .:ifficability studies I

=see duri g the development. under the .ei. r'

Canadian pulpwood ind'stry, of the current su,.cis- 1
ful line of mechanized pulpwood transport machines K
[Boyd, 19621. _I

There is clear recognition of the need for

terrain-vehicle understanding and sound, organized

terrain data in the miIber and pulpwood industries,

as evidenced by numerous papeis cn t;e subject

presented at a meeting of the Jnternational Union

of Forest Rese.rch Organizati,'ns (Section 32: V
Operational Lfficiency) in $,ontreal in 1964. Whilc

it is discouraging to see that this ccmmercially
Sent.d group appears to be largely unaware of the 9

status oi pertinent work already underway, it is

consoling to see that their independently conceived

approach closely resembles that already undertaken

fStromnes. 1964,; utkisto, 1964). I i
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Despite te hue and cry? there have beeoo measurable

improvements in the off-road moaility of mjany of our

military vehicles over the past 2S years. Moreover, these
have usually been accompanied by significant Improvoeents

In rough terrain speed, durability, reliability, and

perhaps maintainability, and in overall logistic ecos..y.

The current generation of tactical trucks* with which 6

the Army is now considering reequipping itself (Sisson,

1965 in fact represents a considerable odvace over the
standard equipment it night replace. All are svirmers.

Cross-country speeds in rough terrain have bees roughly
doubled, overall dimensions reduced, cargo areas
increased, and lubrication operations reduced (4oore,

196S).

The appearance of stasis is due to three factors.

"First, the Army, in the past at least, has liaited

"itself for sound financial and logistic reasons to
reequipping itself with ground vehicles (includfing tank

weapons systems) upon a cycle of approximately tea years.
Second, and for not so sound reasons, the peacetim

development cycle for military vehicles from the first

gleam of a requirement to the time when vehicles pur-

porting to meet it reach the fiei1 is approximately six

years, and has been as m•xi as ten or more. And third,

the soft-ground mobility of various olaasee of standard
tracked vehicles has indeed not materially changed.

* aVwheeled Vehicles

The roft-soil perfornance indices developed
.:-jin Appendix III and summarized Lit Table I of the

preceding section were used (in their oi.t~nal

"• e~Xit61 1-1lk-ton 6x6. ~, XXO101 2-112-tom 8zO.

&ad Zx56 5'toa 8az (ANC TIR CD-lO, Cupp. 11, 19631.
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form vhere possible) to evaluate the soft foil 4mobility of the pta.dard tactical truck family of 9
X

4 wVIl,t'hat of the 17SO-196S period, &ad ta nosw

fraily which is am cerning into bling. The restas 4'
are suinarited ia Table 111, and are typified by

the graphic presentatica of th. results for 2-lil-

toa trucks show in Figure I. The table and

4 figure alo include calculated indices fox a grow o

of vehicles existing (or weariag existesce) whici

have still greater sift groam1 mobility, *ad which

deamonstrate how much more soft ground performance

potential might even now b. built Into working

machines o* tires. I

From the table and figure, it is clear %bat

there has been steady progress is improving the

soft gravad mobility of this type of vehicle since

WWII, and that the available new faMly represets t
a ripnificaut imp-Oemant "OtL a d4*8ro not roals-

sized by a public almost stultified by the dazzliag

feats of aeronauts, utlamauts, &ad aqumarts,

(Watson, 1964). It is also clear that at least ome

more major step in this direction could already be ike ,.

It is instructive to consider ,hess, results

in the light of the curves of cumlative vorieldie

frequency of Rating Cone Indices developed by W13

from analyses of their extensive data s temperate

and tropic soils, and show in Figure 2 [YEA, •

196S). While these curves represent a very pre-

liminary picturg. t,1,rc is no question but what

any more complete preseatatitut would have similar

characteristics.

Considering the WWII 2-1/2-ton truck (Y? a St) 0
in relatics to these curves, it develops that as a
vorldwide basis approxiateoly It perceat of

71,
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temperate wilt Iseaon ce"4idtiouas, 24 percent .

tropic wet lseson c-anditinos, &Ad som 4S percent
of tropic &ad tae~rats high~ moisture coaditim.s In
level, fine-grained soils would be untrafficable to
this vehicle. In compsrisce, the corrusponding
figures for the new M)4lCFl 2-1/2-toe SzS (YCI e 44)
would be 10 percent, 16 percent, sAd 32 percent,

.espectivell. By whatever meavure, the a"e*#

uatrej'fd..bL# to the never vehicle atv reduced by
30 percent or *orse. Further, the VMEA lWOl
concept machine would find that, a" compared to the

WWII vehicles, areas untrafficable to is were only
one-third as extensive. r

In contrast to the rest of the new family,
the $-ton GOER 404 (tM~21-l) cames off badly (see
Table 111). The original concept of tiL& COE's was
that they should be extra high nobility vehiclecj
with porforwmanc to match that of tanks. This was
to be achieved by the use of the articulated four-
wheel layout of comemrcial earthwoitag scrapers.
with !arge disneter, low priessure tires, all-whoel
drivw, high paver-to-weight ratio, and lightweight
design (Johnson at al., 19S9; AMC TIR 30.3.1.3,
1964; Harshfiold, 19691,, In part because of its
having Iona over its design target curb weight by
soer SS percent (and hence over the designed
gross weij*at by nearly 30 percent). the powYr-to-
weight ratio of the a-ton GCW1 Is Larginal and all
fine-Srained soil nobility 4Wisde. Indicate that
its soft soil perfornabce will not match that of
current *aim battle tanks (see Table V),* and that

ads this report Is finally froses-e.Ang 66w-
there azt eigas that the X01l031 nay be a EesA Leek,
regardless of Its peu'fornaaass polential Jaesa
1966; Auteewtt"e Isdatrie.a I July_ 6

30



AA * Si ' •
K S

4 it will •e vsleod acqesa to ;Tproxilm*Atly the same

prccrtica of the world's level terrain as was tV.eo

SVII| tatily of tactical carlo trucks. aoreover,

in comparison to the rest of the new truck fa-ily,

the tires of the S-ton GZ1R are somewhat over-
loaded oevn in iandy soils.

Of course, the simple soft soil mobility

Indices calculated do not tell the whole stcry of

off-road mobility or even of soft-ground mobility.

4 The larts aotual tire diameter and corresponding

high ground clearance of the GrER-type of machine

will permit it to operate successfully in deep rud

umderlain at reasonable depth by a hardpan, whera

som of the other wheeled vehicles night have

difficulty. Also its use of fram articulation for 5

steering and to insure good conformance to major

ground i.-egularities is a mobility advantage which
cannot be quantified at this time. On the other

hand, the $-too GOER is unsprung, so that the over-

* €4 Iall picture can hardly be considered one of

prolrsss from a ground mobility viewpoint.

Although the general situation vith tactical

vehicles on tires is one ef advance insofar

as mobility is concerned, within the last several

years there has concurrently boon considerable lost

motion in various attempts to build (on both wheels

and tracks) tinT, gimmicky "toys," to give every infantrymen

his very own pair of powered roller skates [of. Harrison and

DeStafanw, 1%Z; lischoff, 1964; Fuller, 1964; Usberger.

4 -.4 166). These attempts have necessarily ignored the

scale of nature. A very small machine gives all of

the leverage to nature and literally makes mountains

out of malohills. in addition, those efforts have

genorally been pursued in the fallacious belief p
* that because the vehiclas are saail they coul4 be, even
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must be, chep and %imple. (>iite t.e r•yerse is

in fsct tue. V^. cv,.ept of a C*ap rtd smpl

cround-cravlio#. tol vagic car-te is dooood to

failure and always will b0e. T'ere is sore.

Sevidence that !he harsh erteprerces of Vietnam 7ar

be, teovorariiy at least, lessektni enothusissm fnr

such a gadget approach f"ashiors in War," lDeveeek,
27 Dec 196S).

* Tracked Vehicles

In contrast to the iarproved soft.ground

mobility of Zho new tactical trucks, the basic

soft-ground mobility of rarious oaase of tracked militar-,

* vehicles has indeed remained largely t-achanged for
a number of years. Despite having achieved rew

lerels of durability and reliability and consider-

able iacreases In fire power, the mobility

component of tink weapons systems, for exaaple,
* * has remained relatively constant. Their nominal I 0

unit ground pressures hare slayed in the sane raig

for nearly 40 years (Fig. 3), and the basic form of

the tank has been frozen for sow ZS years [(o.

Ordnance School, 1958; T9 9-2800, 1943, 1947, 1953;

* YT 9-500, 1962).

Early experience with the first lVI tanks was

epitomized by Cromptoe in a recmmedation that

their gross weight should be limited to about 30

toes and toAir nominal unit ground pressure to

about 9 psi [Legros, 19211. Saom 35 years later,

Uffelsanx and Evans concluded their post-.EII

(1953) study of tak operatios in the North

-urnpeas plains by recommnding that the gross

weight of tanks for use in that gemeral are& be .

* I limited to app:oxisstely 35 toss and their mnouial,

-z',
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Uanit grownd prvssurv to I psi 1196S1. O~il* those

recommdattafts hpy* boon hoard [of. C'earw* 1963;

4 lutterfiel&', 1766). neit'.er a'ppears to bar* been

heeded, excepf orftavs by the Russians (of. Miller,
4 1966).

Sowo simple numbers bearing cm tahk poerforu-

an", are synopsized in Table IV. which shows gross

weight, planfrrm loading (see later), cslculatoel VCI for
$O pas~s. ('VMEA, 196S1 and for I pass (U1XRE, l96SI.
horsepower per tox, and approximate speed In rough

terrain for a smalil pntder of successfu~l main
battle tans~k spanning a period of nearly 40 years.

4Exploitation of the vast increases in power made
possible by advancing power plant technology, which
has boom capitalized upon in aircraft to increase
their power and hence their speed by a full order
of magnitude or inare in the past ZS years, has b*e.

4 linited during the sam period to an increase in
tank hoisepower-per-ton by a factor of only 2.
Potential tank average cross-country speeds have
perhaps quadrupled in nearly §0 yvars. The
improvement which has been tunofficially projected

S for the US/FRG Main Battle Tank for the 1970's

(NIT-70) represents essentially a "brute force"

approach, for the little publislwd information

indicates that the c8rrent Mobi.ty eeme"Ps of that
"ehic!o funddmntatlly 4differs but little from that

4 of its immdiate predecessors. In short, as of
the momst, thes cross-country mobility of today's
tanks Is "only uarginally better than some taak~s
desiped alumot 30 year-s ago' [Ogorkiaw~ci 194Zj.

Beginning late in VIII, the U. S. Army
piewred the developmat of armored personnel
carriers (APC's) for infantry [Ogortiewics, 1.9051.
th. current successful U. S. wersiam, Ir. werlideid

L4 .- -a U. Wad.; -
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use. IstVie CIL 3. d its rvceit diesel tv,*, t's
MII3AI POgorkisvicz, 1966J. Volume production has 4
bro,%ht the cost of this trackei vehicle domw to

about $1 per pound (Olorzieuict. 1764), tid long
detaileJ d•velopuwnt has resulted in hi1h v1is-

bility an4 good durability. Moreover, the basic

4I13 track-laying chassis has been utilited for
vehicles for missile carrying, comamnd, and cargo
functioms (AMC TI 3A.7.., 'i41 which share its

performance, reliability, tud low cost (Quinn,
1965S. This basic fasily of tehiclet has a groes

weight of 10-13 tons, a nosinel unit ground

pressure of 7-1 psi, calculated VCI's of the order
of 4S, and has deamstrated generally good soft
ground mobility both in tests ('1TSAT, 19621 and
field operations. ihe 34113 has prToed hiohly useful to
Vietam (Stafford, 1396S 3attrerl, 1966), although

U'its nobility there still leaves stanshing to be

desired (of. Moore, l7661, particularly in relation

to crossing the owaipresent canals and drainag,9
features fef. Coniiqessional Reord,. 5 Nov 1763).

In those areas of the world where the bulk of our
current standard vehicle family is patently

inadequate, the 4113 family could be considered a
viable stopgap (bMoreo 19%60.

There is a third important class of U. S.
military tracked vehicles which traces its immediste aacestry

directly to the Mirl Weasel (Churchill, 1945; Silyerman,
1946; OSID, 19461.0 Conceived essentially as snow
vehicles, machines in this line of dsve'Lopment arc

characterized by relatively low 14d4-carrying cep*city,

onhe rizst snail, self-propelle4 trseead vehicle"designed 9eoeifoea1lly for @ane operation appears t* have
bees tho VelaeisY moter-sleigh, uood by Seott go big"1909 Aataresle expedition (LreOO0 1918).

"87
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DOSiA*i Unit grVUVA VIOSSUTSI in VU4 Qi4VT 0.1 Z-3
psi, VCI's of the order ^f 10, vW Stuaraiip cut-

sta~diog ot-C~ii SObiU1y 13f. USATt.CMI 1265).

This line hss recently brcock*d ta tte devaio¶wat
of the first articulatod tracket vehicle to b*

seriousl1y coavidor*4 for stsadar-di:atiou by tie
Ui. S. "ru, tk. MN71 1-tes carriero IAMC. 'SI

br'cb 1261.34 The *rwrol off-r..d perfrtms=* *t
tis D571 UaS bees fesaid to be SWC0liS2t (Or- vgc

6945). saltd T2 wS"PS o14

I '4
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VieY Foroi ., Wilitary Veh1cle *"d

On tht basis of various pblish*4 reports
'**Cgorkiswict, 1962, 1963. 194S; Armr..r .ja&atb4

196s, ;%fisai~tte, is Sep 1964, 16 Apr 196S; OPds~anee,
Nov-Do.c 196S; )Yi21.r. 1964, Me-,or, 1966; SuttotfLeld.
I466), o'-ar c~arrent tracked wilititry vehicles, s" f

particularly our main ".ttle tanks,, appar~mtlv Lav tbt

sloe *PdP of basic cres-CO~uxtry twebility as thess, o!
&ay torolIga country, except perh~aps the bassi~as, whoes.I

iawl battle taaR, may havv nominsal nait grvas prasosurs1 more nearly in tho range 9-10 psi tbAm the 11-12 psi

I raet, vhtCh ChAT69tQviZ8Z W7n OWM (MIA47, 19641.
Table V presents calculatsd vskiclo caue Waxe requitwo
seats for current noditm &:at sain bttle taikks, based

upon published Lafarnsttos.

4 ~Our lighter track"d vehicles, if no.t superior, at
least are generally tqu.ivalwat to foeip alga litary
weckiaes *f the saw class (*f. OgorkIowics, MI.l 1943,
1%44; laughman sad Driaksrd,~ 19621, while our now fazily
of vbeeled rveiclars appars d1stinoctly wer* sch~le

* 4 ~~tban aaythiiag appervatly forthcosing frow friend or fos

Mm.* 12641. Oace spin, the exception maay bo "m

of central tire taflatioa coutrol as a nobility fsa~vre

relations, suspen ~pasions, [tc eLf. rsoakv

lAkas, 1983; Rezw et aI., &MO~. suggmsU that their

4best wboolod vwilcles may iot vezy Z*We. On ¶Oh otk*er
Mead, their htiorprtq wee s*7 bQ lasSely vowar of
the tar1ic~tiaez of the meseerk "=islt for Alac
they XM e pid.

M 9,-
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FOR C*U21EXT AX:i)f X.~AI'v RAT~TLE! TA.NVll

U.S. X48AI 52 1. 1. 3 41
mo31 14.7 10.J9 6 39

f *OAl Sz 14.6 11.1 1 I 5

fstnTOS36 14.2 103 s
Tzasa 113S so 23.3 9.6 S: I 3

I Leopard . 19.6 !1.1 42 it

B ritish Cklaftala 51 12.1 12.8 it As
Vickers 4i7 7. 57 18.9 10.*J

ifivck AIa30 3? 1)41 10.0 0

S3dsk" 9 14.8 11.8 so 42

see ?&ble IT.
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S i ~Our cur~mnt military ruhiclas W* alse be
1 - war~d to~ the best ,ý( those assi Is &*real

CoAmorcial off-road opor~tions. C~nrclallly
prod-aced vehicles for off-ro&4 op~erations fall

4 1 ~into srvmn br-oad cS:.gte 1.Sies

1) agricisittiral tractors
2) earthmovial oquip~mat

43) mining *ad coutructiou vehicles
4)vvhicltz for off-rsAd treaspert

I 5) logging Sachiatt
6) vehicles for ofýl field ant similar

tiplarattoe work
77) sports vehicles

Izciint for the spo*rts vehicles, the treAd in ell
tles* eo~rcial nAcacies Is tward bigger unitsit

uperstizng on bil tires, ushiag diesel engine pwerar
and increasingly with all-wkeel drive. As yet
there has boom very little eatansive asi of exotic
vehicles such as gy,'rd of fact mawhins* in the
off-road working world. Tam.m and leamotock con-
eluded in 1963 tha-t such dorelopwou would set
hay. a prvfowWa effect upa ccsmerciali off-r*sd
transport. .

The only load-c&MvISg cinuvcil vehicles
w*~ch are decidedly i~orior to ems tk boost *f
omr carrent fsnAl7 Of -- MiTaY veShicles from OR

4 off-rood mobility Tiuibpsixt, rertiemlorly In soft-
ground conditioas, are srn of ths essentially
hu-ain4eit, low tr~od pressure, trocked machimes
ased Is oil exploration voft. The skwpioco,

I* the UN209 11-toei carrier ftebla-Modwell X~g. Ltd.,

1965), tad the *Jsk-ft 22-tom rAnrier (1kttal1 WA
Thsim, 1960), al! first &..tped for opmerstlea

r 92
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1 in the difficult sunir awaskol conditions *I xertoan Ciaads.
The laticr two vaschias ors psrt1c-zlsvly' Improesire.
Both are articulated (am different schems) &ad4
both have desoitatrattd the ability reliably to i*
big jobs in terrain coadidtions Invasaa.~le to any
comparable military Pacbias. :Wtb nase !ho..
scrutinited ti the military who, In thair testing.
bore out their hig)k level of working mobility

(USATI, 19621. As of the vmowat, however. this isLI

asfar au the interest has gome.
Other successful low groum pressure tracked

vehicles for tho oil Indu~stry are *are cosY'eaticaial,
i'kid-stoered, with wide tracks, narrow bellies. said

relativvly high track leugth to troad ratios
* ~(L/T a 1.1 Is not uwustal) [of. Robia-Ma*eell Mfg.

Ltd,). The, Army and the NIavy hae" bought a modest
amb r of IM-110 sat IN6-IS vehicles for use Lak
Alaska [Case, 1%2Z) sand Astayctica [UX 1%A, 196S),: .raspcItl7,vT hThv 13 :.lm 'P.? rud crvdit'bly.

tAt i thei rugz.s ofd ohr liabilivyiu tpeiedatii hprposer witbiawo a wvr tthice vehicl esii ave-
lospe d vich fq asv perfoactial a, d .ciyat thea

epoff thoe-slis =oset s whoricis has relastbt tha t
ether cuisrb wigh as npo th aes lwhersveit aisb

fall. nesshorto altar aciev es e os. Theyog--caetherA

41~
93

41-4



witl thea tz:r~ articulated a&Crhimus, th~y

#*ata cleasrly that ivh~, the J"b tma
*U be doz~e c=~ be 9Vrcified, an wAkre coastr13a t

are stbo'diinate to fuvCOOS1oi. 7terouvits. tV-ý
probldr~as of off-roaid sabllicy cu. be sclrvid t

A4 relatirslysragta-vronasoa

Thile all ;csrro?! sccessful off-road, vshlcl~a
ere a&,'7tod on tirvr or tra~ks of rlstit~~lr caA-
vetiaonal art anpoa-at and "chrtincal dsiiSK. a

xmZtbet of *'teoiativv h2VV been Prpre'Sec iai 'Iwat
oa~rs, uith varying tiegr9*t of staccezo. gr exi

large thsas alterniative. groamd-crawling schemes are
sined at improwitS rekicle soft-grouni crossing
ability through the redaction rf moslual tait

groszad pressurvs (MU12), tho ce~dctiom of peak I
prossaror &%A/or (=mwittingly or not) tl!. proirislea
of -. **v dalrov, of vartabliilt in the gr~d ceatact&I
ai.3hsaism better to match varyint gromad c~esttimws.

Tke basic configuratioss cmx often t-e broziIy
traced P I=T3 wzy back In~ oH-~ro*A .- lcc 4.1dwtaty,

T*most SWcc*zkhNl 14i# of V M ovoatM 1
off-roa" rTuai4g gAesr v;tgzt ha ktoa tt sw~tre-
low prmssuire (1-3 psii p~amatL4 roller cmort%[
p$aa~et-.i by Willi~an Alh..s la th* ear.1y 19SO's
with his "Xol~ljjtm ruaxazisgr =~ c4 pro**"~w

Vehiclas~ oxploitiag It 11toilh,, 111; YO

Sibnc brmckai to t-wo MU&S. Fii,&zsuai
of' tko tatal 16111M* COWcst, iscladftg OW #V the

ba "1107. rcStai'&i bstmean the Vq~dbAT4-e
aW~ tM gmsad *s it a n~sr be*arlg (rethn'

xt4
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then zi a~ £ih~el loisde thr~utu &A~ axis). &a driyi*
Cal) by friction at the load-carr-fing contacý of Ovi

atrr~s±oentt Is 6rr-luit@4 it: i $call nmbe?,01
frn-rius~ V'ttlro 4 -14 s~d Zi-*2 Roal&ies.

track wv~ch wili he tV'VM)- uOptr la~ter.

of the T~rre Tire 'of. OlAvilio, 14964, Ciodyenr,

14C6 The Terra-fir* 12 also r. lr-a

p~rvzzurv) poonLt~tic bav., butt like a momc cou-
vtptiaaal Olr, ca~vr1qs th* rqhicla loud throtgh
it.* asle, az~A Is drive~n by: zr~v "lied t* its

iazlp. ?ibile Terwslir srv stc ove~fablx Az mazy
% ites, thtey r tperally wide in ralation to their

dfam~ter, Y'ich :-A not cý.se,4.rv 4e3n1rxble from

Iascil ~view-olt (of. Sokker, 19S61, fI~-r
tbx rprtupsrwt fitti!A ~.Irss 9PINSg

veihedaly laidou~tveicleacte efrt1

FOX 11, 1941 Today. Tarr~a-fir~s ar La

AOrW.AI msacMhiz* a tbe 3/4-iom 4X4 %-480 Power

Y,ýos to lipt-ol&1 4x4 v.,h:s bugaies wb-.4&h float

Uni t*~tj'trso "p -otOe-3

-1rmtrvvecmiari teprclaa mx st

(GalfHann ISIY 12 a 3.5-6, 1W

- t~v& 44-63 bevaoo v"wnf.zei4F



sti~l, larter tirvta, sui~ch lhreer ;a sou*

rahrts a *re q::ti:1:::e on, :. continued 5
to exercise the tuatiAstioo. A. V. too. Csnada,
for examnpe. pror'-oed n vhiie back a sobi!. oil-
driliint plaffere for a-iskel vark -- concertu$117
siallar tc the barte-sounted offshore riti now in

id use.- to he uou.nted on four SO-ftoot tires

1011 wVec, 2; Sep 10'611. T'rollaimary trials at

snall scale of a nw sotho4 of oa-the-site tire
constructio~n, by wee.-Ins a larte n~tmter of roel-

tively icsrmaeable-sito molded stravs. hav* indi-
cated that such tires could practically be Wuilt

and shirred (In pieces) !mach{iAe 9saifn. IS Aug

196sj. No irskdlate w~.itary U20fuli"ess for suct
larto txrai Is apparent. hcveYer. The s~fiit3r7~

tends to shun.w where poisible, puttinig so rz-

eggs in a zinale batket.

Owing its present feasibility directly to

the developeent of the Terra-Tire Is the Airollj track-cum-whiecl &rrangewtnt Ivro:oi. IMb). Th i

is a chain of free-rollinq pntrLs&tic rollzrs
circulating~ on-nund a flsgA penton through vthith
tb*ef arv lottded In sinilar fasIhiou to the Ralliyoa

rollers. ,d drives br wtans of the ebain cmn-

latiag whe4ls nay havv reasonable srauad pessxtr*

Beller, , - fiablt .gost

v'V*ýI ls-" :e-s rYa ul,1l
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0 i &" cross-country' tests !;y the Marines of a more®R ~refined version jIUS)C, 196S] have shorm th* Airoll 3

track to have excellent ;ýerforujsacs in extremely

soft soil ccnditioris, mnusket, etc., sltiorugk

overall their basic performinca level appears to

be similar I'* that of a g-od, low growd pressutv.
track*%; vvbiclAe such as the Xllb or the articu-

lated LN571. A clever variation an this themia is
tim torf-sizu Can~adair fi,.her vehicle (Casndair.

On a& firm suarface the~ track rollers roll

betweom the groued and the porzon with a super-
* ~ficially fascinating 2:1 ovrorrive effect; i.e..

groud speed (if there is so slippage) is twice
"track" chain (or axle) speod. In very soft going,
the Airoll system conivarts itself into a relatively
normal trark having a small nmb~er of very lr-rge

4 b!Wt act truly aggressive grousers. which are theS
wheels, sad the "geels then slip, w the Peatoe
or *m tba ground, rather th&-m roll. Hmoever,
except on hard. slippery surfaces, their external
performance (&a-- considering efficienocy) is goo"

roll 19S)s.lwel nge trax a :j 1
A further variatian of this th~o= (i.e., to

isteLockheed star wtieel proposal by the Foirsyth

brothers (The gartecII.P Oct 196S; Autouetivemietie

1S5 Apr 196S). la thi~s confi~guration a large
"wheel" carries three driven miner wboels, and
drive nay selectively be supiplied either to the
waialer minor whevels or the eatire cmstollatiem.
as ~nessary. While tbero has tkas far teoo" eL ;
V~licatice of a drive machamism, it is temptniglo
to marry this comfigwrmtiom to Albee's frictl=

ciet MO.. _I 1 W

- ~ n



gal1~ca~r~v a tu3~ck a xaa~r that the u1l.or wbeais weuL4

bo drtyes, by skla frictica, bv wouns of a central

4 ~am wvheel. fb iazaor wheale could then be drim 4
whena ocded by' siuvp! locking tY~e minor wheois sat

rumniag tL* am vheeI ia a low gveatd reverio.

The grtku tie-wheel 'veiktinr bn~r*,'

"parvatly' coacvivod indeptsdantly of the ForsytbA

star wheel, is In, sows respects faactloually a
twowvh"s vvrslea of It. In this coocept, the*
wehicle Is suppevte 4 as four twoe-;hool bogies.
In marasl opoerstion the wheiels are drivv: and the
bogies float, and the vehicle is an Sxt. Und4er

Apecial circuost-tices the bogies stay be rotated

1;n locket in such Positios th~at o*17 foer whacl:ý

bee posbole) ora thel anvthssfu deaoasbogies

thousdeffect mayibes (GEM's) autther pivotseto

whealralrien atciri whore wihab te gr ad cabll

Sick Les, 1966!.sl~I.~'shrebt

hsbc osucesul 6~of traed 3sfor dreeinslatdicn Cof

Lr= fetuse Ael.ihta4ine hiGhMs T'pee aEXitself

rou sdr~ict, Mayticul)arly who~m tNew g7.,k c~an

IS May 19, fo5 Fuchs, 1966. CEM'shay skiti

4. deYelopmrts kave rtdecad pcewr ,..quiremeats to
sproxim~autly N0 HP/T for hoviring [Eove~rig Craft
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a vta 1. Xine -J'jly 176601. ~.irous Ir 1eO,

with 31o0"S, 010tte1@s. OrenI *idrto IT close

%?acedJ tries, ,wt izcostQd saznd* etc.. rvuasia to4

0 Oc oVvLý Ci~rreSt thlzaiig 30022 to to th.at t:.'-S1
most Iaxmdlat# xillitr7 useful1"is will be is

&Whkibtcuao~raIis sucth as for hith speed

tr&aspor~t as long ovaer-te*-voter ship unioa4iana1

jobs t3o.a-Alles. 17631. T\.. istittion zkth GZA's

ist &till chaaling rvpLdly. New possibilities for

ex-plaiting the Coaada effect to reduce pompr

reqiairvaents -- and '."*ce to vaelersto all clarrttS

probleas -- rtcmntlr7 sulgested by Peba (1264).
for oxamale, 2a7 drastically altotr the picture

within 6 few years.

IA as effort to overco-ie som of the cor-mat

disadvanataes of =I.Xs la off-read terrain (ami

9a, thet road as well), nuinrvuz hybrid GEW v,,ict~ts

hae" boem proposed, in which the havrcri~ft type

of air swrrport Js supplemented in adjustable dogre*

by m~ore tormxl ground-crawling fear, ;oenrally
wheels (of'. lartelsoR. 1763; Coaiai. 1264). Thoe. have5

net yst prores particulsrly successful ffilckles, 156S] and a
stu4y' by Uffelmana has iadicatoed that they are not

likely te be 119661. QOw area of possibly success-
ful 1hybridizatiou, he~ve"r, zigi be in a~be isvologmat of
a Q:X ferry for siliitary as*, .des416vw to operate
over roads and trails simply &* a relatiys'ly

cereal 10-12-foot-vcide track, wit-% side pisnums

foldaed up to form & dock cargo, and to c-p.rsto
m~r water as a true aX with a width of SS x at

at mare.

A seocc" lizo of devvolopimat wh.ich begaxm a3

a result of CEX *xperiecca is the sir su~ortiad track

a hytrid of a -- ffortut style. It it. currently

-4



exemplifLid by the PATA vehicle (I2661, wh"os

desi• was i ittated by the U. S. Army Trams-

portatioc ltesrch wW £ngineering Command in 1951.
This vehicle ca:ries a track which, between the

sprocket and idler, Is pressed to the ground by

the vehicle's weight through a plenum air chamber,

th. lower side of which Is the flexible back of the owminS

track belt. This eliminates the road wheels a&d

aptings of a normal tracked vehicle and, if the

trtck were ideally flexible, would provide a nearly

uniform contact pressure throughout the coutect

ares regardless of reasonable groumd roughness, a

situatiom both theoretically sad practically to be

desired.

Prcblem arise in "sealing" the air chamber

which. because of th* difference in pressures
(approuimately ).S psi on the PATA vs. 0.2 psi on a

GEM), must be solved quite differently than on a
true GEN. The basic PATA concept appears
functionally competitive with Dekker's earlier

fluid-lubricated %kid track on a pneumatic pouto.

[13M, which has never been seriously tried

"in 3etal," largely because its sealing problem s
appeared difficult.

On the PATA prototype, apparently a a part of

the solution to the sealing problem, the ait-

supported-tread noncept is combined with one of

pneumatically inflated elements between the track

belt and the ground, basically similar to that of

a Japanese marsh vehicle of the emily 1940's

102
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In protetr~hs:of both The Airell aA4 the FATA

rvzoa3la gosr ts relativel~y Very larg*. InassessisC

their rerfarsaace l~a soft scilz, the t4viotage. of
the lew zoainal unit jr-Vm3i prwssures which~

ckaracterixt, then both nust be taken into accau~t,

mad caly the reslemal impraromwat credited t- tbM
4 Mv elements, aaud ýalaacsd agaiast their epace, vsigkt.

fA~ othcr costs.

Xear coafigratioms rwqutirv satio.: walkiag

vehiles nd rchiiadeeas screv-propell4 ehils

II

ras very first WVVI coac~ts (1942) far the
vT&icl. whic~h subsequently "eca thme Vessel were

bsaie upom archimsdot UcYwv rZOP1).AiotS fCSZD,
19"41. ia part ý-.csvio sevrarel vshicles ce thi

ivaersl pattern were tbas rvported to kave boo
z~cesaulin4arp. saxo operat3ion. This Q'pTWfCJý

wu dr~oyod because of obvious problem when
operatiag in firm ter-raias. Hmiwver, Lhis idea
will not die (of. Cale, 1961).

Tbo current revival of interest In ar'chiaadeaa

scrw vehkicles cssters, "P tke MryIerAXPA/

wt 34mtk Ylmt~x (I.Newsya 1943; Mewaye sadJm

*Is psesim~l, 1 its sag.gestiv that %be Ar1,U

?AYA, sad the najor/sIxer vmed semeepzr. a"sew being pro-

Oia*^& Cta. Iowever. Is : 9,14 swagAestive that the
uataaele~Isaiani?.aorespeoc. laftetry.£,O 4Lo

reaep~aeltility for meon wehici* tosisms. ever-
vbiaialyprop~et(mohat 3 on% at 41) ma

wheels [WOOtao, 19651.

44
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19s) 0'this Whd-#taTCd veh!Cla tho tv" coustty- 0

r-taia rotors are larie *suwth to float Z"~ %*.3tcle
at Its gross vehiclo weiltkt with its W!i clear of

t?*v wsatr. As a direct result, its water p~rforesexc

Is ~ood (I aph), sad as &A iindiric1 (but rot accide~ttsl)
r~s',lt. its performance to mud arA weak, wet torr-iate
is excellat. S. D. Joses points out that its "spot-
trim of perforwasca Is almost the reverto of that of

conventionul vehicles" (1964); I.e., It porforvw best
iik he ettst c~itous(lacluding clot? voter) v~hars

trcs 7 pocrest: worst oa-roed, fore? zaolt. iwbrv

trucks are best (Isigt at al., 1964). Since such of
the basic Indigesout Vietnamese troaaport srstem is tba
Xthong delta is based upon canals rather than roads,

this vehicle's revvrs,3d spectrum afibht aw* %a49 it
uiseful to the troops is auch the sane maxoer that

4 ~the -jeerp' Is la oar* notsal situations; able to
move well is the catuls, withi eoasidsrablo but "ot

unliaited mobility ia "cif-cum.31" terrain. SeekiaX

perfection rather than utility. and mnisful of the

1 1 a&bush problem on the waterrays. which as sixilAr* *
4 to that on the roads [cf. Soitb, l966), a series of

fu!-Zhar research rather tbata pr@'duction. The

con~cept is mow being rosearch t* death [cf. Dutoff

II ~~~~~and Ehrlich, 1%M). cnde o l
Pespite tbe fact th.st &A osmtfyby

flapping his or say othe~r wings, or loropel his
boats by sasahyln., his tail about. there are mas"

who feel that emy oft?.rs. vehicles woud be vastly
isprovwid If they fusctioooA more *early in Zh. faskious.; I of natVre's successful le~d-goiad models. ifalkirig

ascines of various kia"a a"d all sizes appearI regularly ia this petumt literature betinxiag over1" I its

S4
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a~ar~h buggies, which in narlinal goinq auigmented
"wheel tractiona for a brief period during each
revolution [Nutteil et al., 1954), b~ut this was at
beat * poor hybrid. There are, bhwevvr. roascns,
stemidng fr-o* terrank-viahicle relstionsbips, for
looking into the matter in light of recent tech-
n0logy IShig1ey, 11960, 1961; Liston, 1964, 196S; Hain, 1966).

R~ecant and currantl studies hayt taken two I

different. fresh tacks: the valtileg *r cantipedd
approach [Siddall. 1964) &ad the biped approach

(Liston and Maser, 19651. Vhile apparestly fsasible.

the war*-atikin su.ltileg app.oach is not now
*xciting amy rial tnthusiasm, but the mz~n-stsoilized
btre4 or Quadruped co-acipt, clevier!y capitalizing
an rocent servolbehasisa 4evvlopmeats to utilize
a man (the driver) as the necessar7 banaice and
control computer, is gaiining adh*-tnt3 (2f. IfesiCM,L . *
194)6). The ATOAV- Land Locanotiom Laboratery is
supporting hardware research with General Electric,
aland at haring a SOO-pound load carrier la W
oa'eratiocs within a few years (Saito** Jounal..1

July 1966). Listoo kas. astimated1 tha crinos-couatry 1
speed potential of theu bipewd ceafiguratioa at !G
mph. Uafortuxateiy, the roaco-pt appears usei-vi
cal7 for T~lstiruly 2#all tpecial purpose machuess.

volkile cofigurtiots

1A 'Al



Rriaei o th wakingconepts V*xztt~l9

: lenth thraougth the ra1)dng ofonerts stord nttal
Itast vh'r* husbraic wehicle wasituie ducringat

WWII which, 194r Icbsta 16S). This tar, ostteto

vnP c'.r-ried only to the petit of tests of s thalle

wheel san suspcnsiol spock-up. Problems with pr#-

cis* launch control. upou wkich flight and hence

su~ccessful reentry per~forlsaace depeads, werv not

solved bofare the project was suspended. Feast-

bility of a "Junping )top" has recently bee's

reported to hare been established. and seriouz
design begunl by the Iritisk War Offica [The

fxg-wee~r, ZS~ Ju7# 196S]. T'h project is classified

isad no inforsatiom ha~s been released as to the

approach taken. (It coulti well be an air-cuskion vehicle.)

"Iching" dscriboas aprvos*d mode of lloco-

matia ir "hcle vagelyrvsemblixg that of the

friendly little inchworm, who &=chors his front

half, hauls in his nrer theu axnchors his rear a*d
pashas forward his front, etc. Provision for sucb

* a behavior uesr be Incorporatei in the joint of a

fraw articulatedt rekicle (Y)WA, 1965). It may also be

done by so munt4kng the wheels on a machtze that their Way

be moared fore-owd-aft In relation to the vehicle's

bodr, and braked in &an n"ropprixt* cyclic mAnner

* ~as rro~sosd b~y Sclir~ttr at al. in their thrust-
step patent 1*963). latching is basically a slow
process, &Ad b*as bten propos*d largely as a built-

la self-recovrery system for use in cast of belgiaiC.

Its function Is thus similar to that of a winch,

* ~or the capstas an" sucker system now regularly

107
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-ae as& a Do'iity sit to W4113's for getting ow.ei the

canals of Yiet*ta fWocro, 001 As its s"Lzllar7,~ Its

speod sheeld b.* etbot the sam -- 3 inilea p.er dar;cal

its co waviiea..e g?vater; but its asefut~bess as

extreme and/or slippery 51opes far Ies*. A

Fiaaliy. whit* neither no nor =usual ia the
simss of pr ioiaty '3iscbised coacepts. the

developwaamt cleF tho past ton ye~rz of bydtem,i1.cmat1C U~sk
iesp..sica 3'Stvws &ad deerp, soft, !±11stsble suspeasloas

~yassralir, a"d te wvrk ta tctive W~t~ JAW TIX CD11l,

Su" 11, 19$.S; ATAC, 1965; Osoerm ot al... 3ItiSS)

rvqnir*% smatiot. Thtse ttardtwarw, qr~tras Srv

openinsg the way to tricked vehicles with "pris-

tioral 5p~tds In rough ier-rains two to thre-a times

as hith as those of current mac~lass, 2hould th*es

truly be desired fATAC, 196S). Tbay are dtnmou-
3tTatiM% Zot only what may be doe but ultz w~hat
the costs will bo. The full valuse of these

developmunts. hatmer, will se~t b~e apparent until

J tbey are applied v) propeorly disiguied .fsesLated* j tu~ked vskioles wbare, coobioud with si,.i~3fic~st1
,jr~t,&7 effOctive sheelbase, they could permit

j I truly attouishing psivtors~acs. Such a f~rther

prctrea does not yst appear to be iz the cards,

hqwe. yr.

-,awl e- r-t f- .61
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a&At overall u~ility a4~ircateS In all

typer of~ v**A- sails &*A difficul~t tarrisli :vwraT&ll

of frz articustia, pisrticulorly cetrckt

vskircles. Tibi 1&t stam, is &&Z aw'. 1t4
history, has b4ea zwftriz*d by th# awthar ja

reaiato wh~e*d IMs1~E ~3) fMA
tracked viihicleS 11964)4, Aad by Otertia'ic: f1963.10~)

yraw-plans or coerikag iat~ll,.s b**& widivir
nsed Onl wahcld ear¶t2~1iBg s,;rz+4,r% for r-ala
yg&=- 14kkZ? vas tiho fint To riat~ll to todsys
off-road vehicle diav4gners s~w ef r:k1 advizatstvs

of articulation"bo 'happlied to trackad -.abicl~as

(Johns" aet &I., lfll; Sekkor, lISS3, lS4J. Ho
k-ns since been inatiasative ix xpipyisi the. =Iti.4 GYiculateld coscapt to poteotial a*=irh A -,Iar

so= of whaick WAciezis saw of t~w fulctilmsil .I s4-raztzges of *rticialsti=p by the. use of Migbly

A vislcilv's frau, my bo articalated. ort
0 St~aid, at ae 07 several Plactis. Eack jaiea rwy

4ota roll axis. Th ieo a~ - adymatzatge of

Articu~latica in Owe Ii pleat is Ivaerally

doie to p??81ids st.-Rrizat. thrvoo cati *f tile
articulatica angle ky hydraslic or ot~wr mms

%iiI A1_ _._'_



6b U30 of rtai.ly lzrT* %Lt-',. ýc if Stooroa &? an

largo cavitlos in the vzhicle ouvgimpe etces31 ain

ealarivuext zf tb* esv'elr ey a sovsr* redocti*
Ls tgsablov spce. ' t atz s-minhat zimpifa±0 the

which~ woul~d otertr-sv be* -stsvrai. TI-t ;pat4

z~vtt~es a"~ %rivv lla simplificattiat clso
a.-A practic-aly fsa.ibloi th~e evw 6f many' m*-*
i~vv w~l wader a "itcle at tbhe zi±ar perform-

02ce exp*vzvg only of saa tire 2afiiag. ExU~*"SS
of yvv- a-' '--2atlas th= *%Vloltad are tho ATAC
Wx Qu*ad 1.-,k jlis~.iff. 19641, the rWEA XOxlO

coacwpt 116I aed the snail LOekN40d 12112

St~teering by c~oaerollo yaw rtioea viics ite

Tev~ more mprtta tracked rebc.issicles.erd i...,z

trc* .. L..es w......A .*!t*uto rcoso

relative %post"ds cf tl-a me tracks 2a4A thereb7

devolcqizag turutial sou to *swrtim riusist~ia
forces, Priacipally is the zi d e*Mtat &Iva.

liw~ t-mck trma4 (L/T) s~omld bi. -rea~er t

permit steertal on a'hard surface w'it)kot ezc~asalve
pwt.r 1vasesv thet ratio L47 shwaU set be gre~tst tUS
Mprtzi.vrstey I's (5ts%4S, 1943, IMS). Ot carr~t

Ilae
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placc ts cd~i'1y lovsd (pfirh~ap tocauso it is for 0--a safer
th&P, galis~ off-r*44 to turn arotdj. the L/T rtiol
13 of ths Or4ot of 1.4. tuaicP062 task practiceF PPear ¶To favor L/T ritios of l,$-1 6. 0a the
SuCCossNIl Robisk-Ko~s1l AN-i11, low grovd prossore,-- $tons car'1er, it is spproxisatelv I.I.

-. One of the Priacipal, effects of stoorial rtiol
l~twiattoa is to fares a vskv?;lly "$taw"V fqt'5
Vev skid-stttred Vehiclos. In pseral1, the ever-
811 1*145b-to-Vidth aspect ratio of ceaveutiomal
skld-steered vvhic1es t, of th'a order of 2:1,
whereas that of losd-carrying tr~.cks, for examplo,
runs arouad 4. ThIs limitation is salost al1,1-

I sRated 10 articulated tracked vehicles as thicla the
S6P#Ct Mit May 7Vadily bO Of th, order of S.
The rery io1,ortant. practical swanirg of this Is
that large tracked evwhiclos any be buiilt hAviag

[4 truly low ground pressures &Ad serrow bellies
withmt tingto o,2?rsrI. - widths, "~d that sashl

tackad tveicles sAy be given sufficient 1wasgtA to
* ~~~&;a tvvievs asousbi ride &Aji suck "*aedd Icagittadinal 0V stability. m~inor aeraatages ever skid-xt~eord rehicles ofI- ~tke sam mosiaul lzait grovad pressure &Is* a~pear to accrue

Is tracti," csapacity in saw* (ftla, 19S81 auad is
decreasing by 1-2 pqvzent t"~ hIsitiag sell

I. 5streus31k (ILCI) "seded for free zmaswuoring

The objocts z-f tr.%cksd vehicle st##rlaj hy
fris. arz.1cuhatio?3 nay 8lSo ba achieved by this

toaden firrazgevat: of trackvd track* uaier a

L* 1jl _ _ _ _ _ _ __heT ck r a -C t [16 1,o
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fra.. atcgs*$ e maklu, the d rti~ad tiee i

stracturs rather tuas to the nala lIta@.4

Articulatio-m t# prsvide sow SIPilc~ast

degreeo of roll freedom betwe, gait$ &slps the

'Vehicle AS 0 whole to comfors cloesly to rittad
terrain, so as to waeiatsa its (o4tixag (for

tractioix 4Ad control) asd equaclite wheel or track

loadixgs ot the TM foit% teea whm e guspemsie. is

fitted' Sam. Of the 9dvuatag. of rell freedom IS
lost Mal*$$ the Mlags pear of sockh 'at ca
Confora lonlitudinally -- i.e.., is A Single axis,
belied tanaem gsales, or a well staspqaoqdo
ralstiv*lY shuat? track. Of course, where roll
freedom. Is al1ow.4, .&cb Unit iadividually Must

KaTV adequate Tall stability.

Pitc% articulation Pernits lonlitudinal

cQsforzAsct to 0he terraim, vhicis is an advwtslqg

is wfak soils and, 210re irPOrtant, gr~eeslg improwi
Vertical obstacle crarssiag ability (of. 3e0kor. 112.

113 orris 11651 in oill site$ jxi clastse of vehicles. It

&IOOOp4SStew t increased water sp'eiond

basu climbisl ability ta swimi'll vehicles. A
PitCh jeist may prefitably to sade lockable uadevr
driver oostrel, so that tae .istire vehicle l~agtk

css hwen zeeded, W exploitd is trvack cressiag.

1 ffurheritit sselctlwwly powered, so that the " o kI Mi~d.e of tb* vehicle my be raised wider driver coatrol,
obstacle cresulig capajIlitiss sad bask climbiag an exitinig

from tke wat-er can be still fiarther ashasace [lilkie, 1162).

Pol ptchAricalution iqviros thatthe

loagtudist ~me.u * an rticilatei rcd
vehicle, the fit Quam Cot fl"41, o-r the Gz1
DXll (Zimonm 1165). In Aekkeu's w*fIsz-frx

113
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concept, pitch fre.tve is restraibed by spring

Action, either actiag on a siCh5axicl jolat as so

(~)th* Sulti-unit Ge*orsl Xotorv XAZY (Fineili, 1*441
or tirovtjh elastic action of the fram itself

4 dlas a tht 606 surveyor CM4 soon rzkicle concept4

l3.kkor, 11V 1963; Los. 1liE1. makial iZ Pes#IblO
*~ffcti--siy to provtdo pitc.. articulsti"n between
inhermntly unistable single axles. Pitck fretoeo
makes wo souse on 4x4 vehicles, however, sbd heaco
such articualated wheeled m6"aohms as the WSAOW~S

GOjj's do not fu&lly Capitalito oS the articulated
concept.0

Owe of the major advantstes of frame artic-s-
Istiva applied to tracked vwhicles of nAy sito is
that the Increased length possIble. eves "eCostas",

greatly improve* the ride, principally by reduscial

pitching actions. It has been foimd in practice

RH that this advanzage accrues evot If the Pitch
joint is totally xxtrestraized. Iovever, still
fu~rther Improvwemets may be hs-J throuzgh the

previsican of proper damp'ing across the joint. The
possibilitiesl of applying to sit articulatedJ

I ma&chin* the new, deep track staspensiot systeas

mentaingt earlier. which raise wotetial cress-

country speed& of coarenticmal' short tracked[ vehicles fro*a the $-I* mph rsogeo tv the 34' mph
ra~nge fATA.C, 194SJ, ovv truly qicitial, perticts
larly in a conkat vehicls,

Tbere have boon viawrous proposals for, and
studies of, articulated task voeiams systems lef.

Amer, Nov-Doc 19621. but to date now. his received
more than passing coasideratitts. problaem In
arwring 'sach a vehicls are evidont (of. 0gor-
kiewict, 19~44. Woroswr, po4mi~ag Lbo 6svrqw14mt

of seltable COMPOWats opycfically for appi~caties

IS
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to articulaoat v'.)dclfs, th~re may kr botli v~$

aild dollar cost pvsaaitie la applylag this C~ftgU

* I'titon to a )ok lpee~dy "thig tXd cO.ipi*M5 ef *
f~~ir", W*11-StervLope I q~ti.Ze. Its &4r&U1tIgv2 Cam

only be fu~lly apprecirat*4 vtero & vtblkcle is
reiquirud with a aom orio of moility as csoa~rwd
t4 current *sadda.,. la this coutos~t, fuill .*x

ploitttioa of th. artcvlcated eomfiguratiam sxy
wel pr.o clk4Qpr, In &11 cons tkam athoor t.~.
forced ev'olutiva of present forms into a.sitrehl-
ties or 'the aioptiax of entirtly iifferost taslc
TrLw*.ae poar CiaCspts.

'40

I Its

IA v

I aW



T•he Raul PFriIcu

TU U12sts best# for Jvdgiag the sA,4dvc:y of

or military off-road vehicles Is, of course, ia

rel•atica to the joba expected of th4m. Ta 1963

takker" quoted DOD sources to the effect that "thI

cepl.t: ISNUt of tactical Vehicles is ina&aquatC

v properly perform their wission .

Xelther ovr cmbat not our logistical vehicles

have sffticlest off-roai ebility to poruit the

arlicstion of curren*t tactical doctrine." The
Sitr~ti= k&3 Rot S~tS7i&lly €ctaajd since. Cox-

sidre* as a system or f•sily of Tekiclea for use

In the Eo,ean t:heatre or similar geogr•phic

areas, oqr present MAahits My be4 M87r J-Bli

vhea all competing factors ars evaluatod. Coa-

sidered In relatioa to the support of ground

opeoations in tropic, subtropic, &zM/or underdeveloped are&s,

they are detoastrably ixaadquate, with ths possible

oxcoption of the low groumd pressure snow Yehicle

derivatives, the M111 frdly, sad the upcoming

XNSSI Sheridan. Even thoese, hwever, appear to be

only interim solutions.

Attempt% to "sew-s our current sys:em of

whicles to ahier. the "w order of off-toea

wmblity required fo7 tkSO *Xteade4d areas rst

mot with failure, b-icause t es eest is term of

other secessary foatures is tom U1g. It wemld V
man "attunang" this family so that it vu so

loapr evtrs rmar optlmm for its atia and oritial•

pvipose. The soaotic lies Insteai in creatint a LI
mww, integrated system of kr. d veicles for use
in thaze sev, significaatly morv severe savirm- .. 4

WMts ISstem, 196S. a systes vWich is met inteznd , 4

to sur'pla-t our Currest family in its proper areas,
which is mot compotitive vitA it, bet rather is

I. 11'4

4z1
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ke significaut to Justify t.e costs. &ts lill has

pointed out (12651. Despite a widespread A;
foeling %Nat only' m4rinal Improrvaoats are 4

possible (ff'. j.-vis'n, l94S), they cza be substantia.

-- *spclaily in relati• to our curron- levels of

tround mobility in Yletn-sm. iowever, the new

rvhicie system needed should not be consie.red

just "sp•cial %boillty eouipmnt witch must 4

justify Its ezistence on the basis of worldwide

viefuless. It must be considiered as a n lee for
rase in parts of the world ormly, larro parts, but

still only parts (Pearson, 19661. After all, our

current Europeas fLaily of vehicles does not nov 9

twet the test of 3.1litary value on a worldwId I
basis. That is the problem.

Theor is thus clear need to d€cido whether

or not we seriovuly intend to be capable of military

%round operations in these other areas, and to

decide further whether such optratiocs arse oing 0

to be conducted entirely by air or not. !f we

decide to hay* the capabilitr to o" rate on the

ground, we must stop looking for cheap. Sadgety

answers. We must recotnize that a collection of i

toy&s and special purpose -ddities will not do the

job; that what in fact is needed is a homotvneous
eeed ,'amiZ of practical, ileoible, roliab.e,o
military quality, working vehicles specifically 4

designad to operate whert cur progez family will
not. Forttuateiy, :he fundamental specifications I
for such a family do not require an impossibly

elaborate sYst$ms zRalysis Th reasoms we nsd It
4fIs simply that our European fazil7 is essentially,4

inoobile in the mev conditions of interest -- ergo,

a econd fauily whose very rcsem d'etr. is

Ila
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sulhttaatixl!y increased grownd m"Ility. It the%#

Circua~t~tnssi, ail other factors can, 1ýdttd sriast

be sacri ftcad to schleve a now order of aotIrll.

Cur-qzt know-how., technology, &ad experience
could produc* sudh a famaill, r.mi~oin fro* cargo

carriers through armored porso-Asi- carrivrs,
4 varlovI %,eepcna carriers, to i light tank, if

iesired. Aa of the someat, it Is probable that

roach a faishy would be all tracked. lo% grvu.w4

pW55ure ficater~s, &ad that all would b.a articu-

lated. Possibilities for high parts &ad
"aIsteaxnce rationalization within the faaily

(the fsaily cu~ocept in its marv usual and limited

context) vould be great. The lob should after all

start with a claiJz slate.

Seginning am. the currtnt state-of-the-art

wiould support the developmnt of the first

tapor)atica of swch a family without "ay further

research. Th. first gmnAratimi family wouzld not

bha the bottt poss ible, but good wheat needed is far
better than best to~o late. Its creation would
neceasgrily involvie r number of educated guesses

such a~s are regularly made in wartive and in
commrcial developments.*

If the joa z.ees to be dowe at all, the first

S encratios sboul4' ~got underway Iimmdiately. TMe

tumrat stata-of-theý-art would support a good,
soI~ offort. Tackied withiz a proper ortari-

zaticnal frarevork, including clear lines of I

*4 oo7. &ort refined ssestsm Laailaiis &ls*
Involves:: ia ju4ooeets, oftes as eraeia.i

r~ttrsbut rojvaty thy ae 1*t tas viteat
besause th~y becos. buried sosevivre to tht "athe-

matic* vbsre, a~tter a vitile, ealy the teehaieie..m
gas fiat them. PU

4



?respemability for tho success or failure of sack

major- phase. such in~ Wlon W60.4 autowatlcally

Tr?'ltilios m4 rtdirvct both terrain-vrhicl.4

ressworch and snwiroamuotal risearch. d "Awul4

force the first-cut at a r-slistic, vorkint STStyst 4
f analefls. The continuing r*3¢arch tý.*r>after,

operating uwder rn•lr clarified requirvauets for

! of respomi -ildty for the accuracy ad vaslidity
o ! af the mot an resuItz, voud protuce t ies

info"tin ncessary for teinevitable e

&vIaimo such a ftmily,

I
a Ir,I
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THI :rS1C4 PWXTS'

It bvr% emphasizing that tht rvvults of

rese~trch on t vhicle-soil *s4J vehicle-terfsta

relao.anchirt have clearly showa the viret~t~ortz

which xuvt be taktn to Iarnrov* jrour.4-cravl!!ý

sobility, and hava devanatratrid tVt Ch~re arp N~o
easy answers. Funciaatntal daterainantl of th~e

otf-r:S-4 ,erfonwarcv ot a rehicle srav:

1) its overall forn,

2) its scale Ln relation~ to zat.,rv, &04

3) the loyal of both aneizal 3d p-zuk unit

loadings placvd by it ca the rid
* It Is patantliy r'#dictzleus to fault tho roaxearch

effort for such findings. They are fuil'A paralleled

by siallar fun~asental conuidorati.cas which. ship

sad aircraft designers have learnod to lite# witb

4 years. aince. Accordingly. what requires esamina-
tica and rethinking is not the research, *venI thou-Sh this ix far from acceptably coenlete. but
the decisions which 1hav# t-vn **do In the light

of the available knowlesdte.

I The prop.r design cf a vehicle, comaorclil or

militar7, for off-rogd uze is &an exercise primarily

in aechazical enginvering and vohicle-!errain

secht~ics. Th. overall configuration of a vehicle

should be dictzated primarily by the terrsirk-ywhiclo

0 relationships itacossa~y to achieve tha required
pevrformance. Thereaftor, design o7 selection of

4 its caxponents, and their Integration into a
priaporly functioning mechanical system, ii primarily

4 I
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ae job of euto~btive ea~1tisrern:. As in P11 similar

probhlz . the requirreaets for each oftc.a run

count•sr to an* another &4 to cost coAsid*ra•ccas.

In off-roed vehicle desist, two fundanvntal

r*quJre~nts are invariably in conflict. 4
1) mobilily in the total off-rjad envtrcn.ent.

as &*asured by averatt s.E. -g-o4

1A tkoe porfor=ac of a B*ax5Si; &*-4

Z) a, chanical reliahblity ,hen operaltz

£2 tke total off-road envir0n.at.

A sachine which becomes a fixture ite Ia nolW-

scept, either becaust 'f a mechanical failure or .

a perfor-mance failure, ceases to he a vehicle.

by definition. koreover, i vehicle is rarely, In

the workadsy world, &n end in Itself, but .-

rather only a means to tn end. It may je and

survive, and still be useless unless it can at

the sa&" tise acemrplish its asign.d task,

whethet this be to tave a ressoi2ble asounz 41

cargo or sen, or to carry and fight a given deaponsI System.
Finally. these thrue basic functi1,nal requirt- ' B

ments -. mobility, reliability, and the ability to

dz the assigned job -- are more often tham not is

coOflict with other coastraints such ts on-road t
,-rfor-sace, transportability. rulnerWb.LLty a•nd

first and/or opersting costs (in ona coin or

"aother). The tach.ical problea is, in the final L
oMzlysis, essential17 one of mechanical engineerln2.

to be solved within the 5tate-of-tht-srt of the

~1 I I.-
122 11
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fny con-nent$, subsfsttni, an r.Aterl is my tl-

rbIe. Co=v~ itei are il(Ytt3sly rrce'%arv £x3?n

the many corpeting subsidiary rrquirerents, even

in this alr~c'4cuu age.
*

It is the manner !n whzch tnese cc-orO;sei
ore reached which Is the heart of the design

process.

?*
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Cosperccll D?,?sirn for (Off-Road C'ý-*r~tizn

Coazvrcial off-road vehicles are eevelorpod

snientially on~ & systems basis efen though the

systems art jern~r.-ly far simpler than in vie alli-

tar) cisc. J4ission profile, the joh to be done,
evenl when quite broad, is relatively easy to

specify. Extensiyt. closely parallel experience provides
suitable models. The Talus system is sim~ply the

dollar. Opticixttion norm~ally takes place not in

a cozputcr, but in the ".rketplace, but all of the

4elements are there.

A major point of departure between
cowwrciat trends and military design is in the

continuall! increasing size of such of the con-

barcial machinery. This his been made possille by

lack of some of the conistraints under which

military equipzm-at is conceived. While the primary

reason for the growth of individual machine sizes
is relat~d to the econoxics of labor, there hasa

been a tarigential increase in their nobility as a
result. This is simply a scale effect. The corn-

mrcial field also permits relatively close state-

mient of the reniicaes job description man of tna
specific enviroume~nts in which it ause work, so

that more specialization is possible than is

thought by th* military to be op~in to then. This

also has produced some marginal wobility gains.

Inasmuch as the maximum requiressnt for mobility

is, duae to the nature of com rcial oporations,

usuaslly less than in the c&3@ of normal m~ilitary9
oquipinne, the almost accident.&l ne; gains in

operational notility haz often been notictable.
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A second major trend in ccr'~rcial develop-

r-e,-t -. 3raIsla z basic illitary tre-ýd. Almost
unifvrnly, enaphasis ;its been upcn irproving

mechanical Pe-for~arlICe and reliaýillty rathier than I

extending the range of enviror--wntal conditiors

in wh'ich tl-ese vehicles will operste tc!. Weinsrt,

16;II'~-lt, l9bb].

Of the several classes of commercial off-road

activity, by far thp! most prevalent sre those

involved witn agriculture and earthmoving.

Although both types of activity are often delfayed

t/ weather condition3 (earthmovers up to SO percent

of the tlie (Archer, 196SJ)) which translate into

poor soil conditions, the terrain-vehicle aspect of

the performance o~f current vehicles in agricuitu~sl

&nd construction service is not generally considered

,eriou~ly deficient. There is, hoveter, s be~ianinz

awarneeS~ thiat the situation say be significantly

different. in areas outside of the te-perate climat#

where most of the Action h~ar bven [Burk;, 1966).

Agricultural probless have provided, and still

provide, the impetus for many of the practical

machine-oriented soils studies. The question which

forsance in soils (SA?. Coooeratire Tractor T'esting

Comittse, 19371, and the corsiderablo ground-
breaking work an soil dý-aaxiC: 'an relation to

t~ilage problems [of. Nichuils et &1.. 1931-103&1
are further axamples. Despite this, azd despite

the relatively lonj existence of sut?' macbhnary
oriented research facilities as the Itationai

TLilag. Machine"y Labe~orstar [teed, 1964J "Aa th*

!ZS



Agricu'turtl rpriritnt Station, Univertiti of Nebraska,

Lincoln, the design of ths fern tractor itself, from

the viewpoint of efficient traction developsent, has r

not been notably bssmd upon considerations of

theoretical soil-vehicle relationships. Rather, the

approach has been przgastic, based upon field ezpei1ence.

Progress has been evolutionary, steaay. and tooly's

tractors are very effective indeed for the environmeats

in rhich they have evolved.'

The situation is now changing rapidly, however, as

evideaced by the nuserous university and Industry-sponsored

' soil bin research facilities springing up [Appendix I1,

and the growing nu=ber of papers before the ASAE on voil-

tractiri and soil dynasics studies (ef. eoed, 1958; Ltitcbey,

1959; Ceghar and Fausti, 1961; Rowe and larnes, 1961;

Vanden Berg and Ci11, L962; Vanden Berg and oeod, 1962;

SMbae, 1962; Forrest et &i., 19629; Southwell, 1964;

Siesens et &I., 19S6; Xuethr and Reed, 19.3; Reaves0 1966;

Taylor and Va.)den Berg, 1966; McLood et al., 1966). In

thfu respect, United States efforts have fallen behind
thoee which began just zfter W911 in Europe (at the

National Institute for Aricultural Engineering, G. B.,

$ad the Agricultural Researh Cvnter, Braunschweig-I Yolkenrode, Germany, for example). but thorn is no
svidence that our trs..ors in practice hav# as yet
suffered fro* this lag In theory.

Current agricultural tractors a79 almost
umivorsally mountsd on tires operating at 8-17 psi

inflation. Tractor size, wvethar measured by the S

MXisusm itzes available, or by the average site

01 o s • ditatnrbiag to nete. osethbeless, that It we*
WSPert44 AS tbo 1965 maetle of the A132 tbak In aW40rav

,tlgk proteetion U. 3. 6rric iltur•l pracetiee the total
eehaaleal ecerg, ax-pste4 Is preparlas and aeixtallaag

tke soil ad I& haryestlg the crops trom It - treater
ftel. electrieal power, ete. -- is mere thaa the calorie
Saline of the asoful footatia'f7 prouaeed foergetres, 1965).

4
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sold. h13s i.icrrsrd ra.)idl)d in the rast few 7ears, both In

power and weight [Worthington. 1966;, M increasing

,iumber of all-wheel-drivo aschine are now offered.

some usi.ng ch ss s as tti sul;tion for st-eerinZ lef.
Buchele, :959. Xalters !t al.. 15Q; D-3ue! and Racg, 1964;
Dreyer, 11)65). Tires on the 2arger nachines,

although still selected on a philosophy of t;,#

sealinct which will do the job under "aversge

seve;c conditions" (Walters and Worthington, 195S1,
are of physical dlmnslons which only a few years

ago were ccnsidered to be appropriate for earth-

movers. There is increasing understandk.ig that
tire tread chianges can produce only minor improve-

sents in performance once a modest self-cleanint

grouser has been provided. and radial ply tires
are seeing increasi-•g use jReuus, 19651,

Europear farm tractor practice closely

parallels that in U. S. tractors, althouga, for
econoaic reasons, the largest sizes Pre still not
being produced in Europe. Locking differentials

are popular on European wsachines because of the
slightly wetter general farming conditions and the
axtensive use stkll of organic aznure [Brohm, 196S).
Serious study of farm tractors suitable for uze in
the significantly different environments of

undeveloped countries, and particularly for rice
ugriculture, has recently begun (Johnson, 1965,

1966). For the near future *t least,
staller and siwpler machines are indicated for s;och
service, but th. soii-rtlsted perforLr&nce of
current mas!-producsd tractorz is not adequate.
Solutions being proposed are no more exciting thaa

the fitting of larZer tires, hoverr.

4 
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N. size of *arthaovint nachinery has grow

eveo "ore rapidly than that of farm tractors.

Excopt for the oaipresent C"at' and its col>eti-

toys (whose relationships to the ground haye beon

atatic for nearly 70 years), esrthsoving plant Is

now almo-t entirely on large tires o"eratint at

inflations of ZS-S psi [Xo4ia, 196S). Althoogh

recent studies have indicated that tire pressurTe

ary be of the order of fiv, times the cohesios of

the soil on which the plant is operating [Ftntmn,

196S). current practicte has been optimited by 0

orprionco rather than theory. The praieat

approach to dealing with aobi!ity problems during

earthsoving operations is to alter the terrain to

suit the eartheover rather than to strive or

improved soft-soil performiacc in the plant itself; 0

that it, the problem is solved by terrain nodi-

fication ({. Jurecks, 1g64). The vajor tire problem

is eoo of overheating on long, relatively high-

speed hnuls. amd tires are sized as such by this

consideration as by soil considerations, within 0

the general inflation constait lClendesers, 1S99;

Mactraland, 1964; Burks, 1946).

nhile, from the soil-rvhicle relatioaship

viewpoint, the design of eartheoving vehicles has

been based entirely upom practical experience,

this situation also is changing (of. IM. 196S).

The industry sees its mjor jobs as still

eke•a [Eberhard, 1964; lurks, 19061. ARA still

bigpr machins. Accerdina to LeTero•a•. 'hres

sre &* big Jobs, there are Just snO.l m•chines"
[J•ms, 3966). farthavavrs with t amgrelat

la•tslled power of toe order of l006 H? are met am
w•suual, and still larger pmer plants W

2*CV§sary driVe line comments are under derelo-

mat.

j12 A



A% thc rou i f-cnt '%is t-ro~ ever 3 iT-cT t ý,ere

has r-ocrerr v 1e-4en icreasinr concern wit. 0 S tt efi

ciency" and hoth the vehicular anJ t!ýe eartk'ovine

rarts tf the system are ComlnR incrcasxnw1r under

svstemat'c study (:t. Nelson and 1tzef. 190'4: Iliman.
196,4: lettiaratchi, 1965-. Little. 19t$: Payne et mi..

196S. t'eece. 1961]. In addition, the construction

eouirment industry ii ,aoi supporting a numher oe

in-house engineerint research effort, in the earth-

moviing 3oi! nechanics rield, of which the Caternillar

effert is the most prominent ICohh et al.. 1961:

S!:lliv ,. 1964: Cohrcn. IT641. The ride dynamics

of earth~iovers is also coming under study [furks
and Cirter. 1966: LilJedahl. 1966: Ucr-uire, !601.

A relatively new concept in earthmovint

machinery is the use on the uasic earthmovi!,R

vehiclcs of rowered muxiliarv loadirr devices.

vibratory tcois, etc. (cf. Hendfick and bu%.hvle. 1963:
Stuller and .Pohnston, 1965j, to rediCe the dependence

of tVe loading operation upon vehicle traction.

This is an example of the "end-run" attack on soil-

vehicle problems which is sometimes open in com-

mercial work b~ut not, in any obvious way, to the

designers of military machines.

As in earthmoving and agricultural machines.
the large trucks used in the mining and construction

industry have also becmne diesel glants. on tires,
increasingly with all-wheel-drive lCass. 195S: :urtess,

19S6; Kolinger, 19S7: Starnberg. 1957: Gritzul. 19S9:
Eaton. 1962; Moreno and Domes, 1965; Aitken. 1966:

Cashman, 1966; Kress, 1966; floyd, 1966). These

are, significantly, termed "off-highway" vehicles

rather than "off-road' vehicles. They or# designed

not for cross-country work but for operations on

trails and secondary Toads, etc., which way be

12 3i _ __ _
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rough jand sli,;Pry and wvdr but caz •s•ally be

counted upon to offer some sort cf fire Coating.

These machines are tvtsý 'ally c1ar"cterized b,

rultedness Ivstkins. 1961 and careful matching to

the specific individual transport Jobs to he dne.

In tnr design and/or selection of rthiclei for

this typ* of servxce, D. I. Carr (Dart) list& tho

to@craing design considerations as fllcvs (l1O4):

a) Cn-the-)ob production required of the
fioet or sy~tea

b) 11sul road profile S

c) Type of materials to b. transported

4) Si.e and type of loading equipiwat

e) Unloading requirements

f) Environmental crPeating coaditios
(rolling rasist.Ace, adhesioe, altittd,.
and temperature)

g) Specific requiremts doe to geogrrsphic
location (availability of various tpes
of maintenance equipmwnt, training level
of drivers sad siaiatenaace technicians,
stature of operating per&onenl, etc.)

Suitable soconsdery road construction and maintencnce

are assusd. Basic 42sig priorities, after

performaaca is assured, are:

a) Safety

b) Availability (which iicludes both mobility
aad reliability)

c) Sorviceability

fire sites are selected both fro* the vievpoiat of

vehicle prfornzace and of road gaiatezaace.

Tire costs ceastitsts the major snagle 4

cspeat of operating cost for vehicles in mixsni

au q4vat• work, &ad an a 40-teo payload tnick,

xsiattaaaa* aid repair 'ss a whole my rm to

See per mnth. This ciazs of maclhe is currently

paored with approuxiattly 6-7 KF/T OV. o"erastes

- Em-,
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at C,. 1!. !1 .. q a',_.".I St ,Ver ton -a I Ie Ct f o :-. Id

,ar rf J v-e %a i. w ', a fa.e '6c-- .j .r t:or. j. ! ")•

t% vilin'! r • a ,' !LaJ Cer lallo- of d risel fs.;el

Life ef tV:,tt vi,'l;e, is 0€ t'.e order 4f V) rears.
or ýO '• 11"! 'r -:-f r-,FeratI )n, Wodels for ceep.,uter

ov't1m0 ato4n ef r out eIvOut, vottcle c aracterC -
IsticS, maintenanco -reTlrams. ett., for such

fixed route operations. art now in use #Pratt,

Related to týese machines are the rpererally

smaller, but still large. rutzed trucks used in
more general off-hichwav tran~port service by oil

coaranies. lorgir. co.wpanies, etc. These vehicles

are even more closely relat-d to their on-highway

cousins than to their big brothers, although
various special features such as oversize tires,

all-wheel-drive, hiavv duty rad'.ators, etc., raise
their co't by a factor of 2 or w)r* (Kerr. 1656).
Brown and Dorsey (Kenvorth) list considerzticns for

this class of truck as follows [1960):

a) Installed pover should be $ IIP/T or more
b) Flexibl-, high deflection tirrs should

be used to give nomins) operating
inflatior. pressure of approximat.-ly 30 psi

c) Sustension system end from, 0-ild be
desirnee. to equalize grour.d contact
pressures among the tirer

d) Radiator c€pacity must be adequate for
long, full power hauls at amblent
te•peratures

e) Proportioning interaxle differentials
should te used to provide proper torque
allocation anong all driving wheels at
all times

Brovn and Dorsey stres. that the most troublesome

problem is concerned with the physical and mechani*
cal accom._dation of adequately larr. si.;es.

/• 131
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The French firs A•.1iet. frox 1), # • :.9t, -

deuoinstrated tle feasibilltv of truck conio"

z--rations across thr Sahara rPesert fterliet,
1954). On several traverses of up to I-O aites,
the 7¢0 lHP trucks used Pact, carried a;prcxiAteiy
100 tons of pavload sad covered 100 to 1SO tes oi@

per day. lerliet considers that reliability,
comfurt., handiing, ýafe1 ty. and noise ltvvl arr

prime factors in the design of a vehicle for this
tyMe of servic*.

There is a IrC-Iinf Market for rutted, mediutm-
size off-highway trucks for daily use upon the trails ad

sCoaary roa4ds which predovinate in undtviloped cwntries.
This market essentially overlaps *he 3/4 Tom to
10-torn ailitry truck field. 3. D. Irvin (19641 4
considers that the ter to a successful co~rcisl
vbicle in this field will lie in the prorisiuv,

at "a dollar a pound,. of a suitable high-trarcl,

low-rate suspension system to protect the vehicle,
cargo, and road at relatively hither speeds t:..n S 0
arm possible either with current trucks of on'road

lineage r with Wlrl-style military trucks in this
xmaral size ciass. Unfortunately, thi desirs5
reconciliatlon of the cost of Providips such a suspension

with an econmvically viable cons,"irr Price has 'et t.. 4
he saLr. either for the ciriylan or :he ailitary
Jap••nese manufacturers are looking cloely. but
(so far as is knowrn) uzisslinatively, at this

2arket [£svada, 196S).

Trie off-."oad vehiclea ina cormcs haeing 5
performance in difficult terrain of the order of
the more able ailitary rehicies, or better, are

limited primarily to those in use by tbe oil
Inhastry in their exploration work in such
eotrtsemly difficult terrains as marshats, askelt,

132
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,tc. 4-tbers rqsjv red ar'. by norzal production-i
stin' ari, . limlted. As a result, t'e sjpply of

such Machino.s hAs been left larztlY to small

speciz!ists fikcrs. These troups havs each

generally detelored several luagirnstfe vehicls.,

often unusual in size or arpearance snd often

tailored to a relativelr narrow r*nte of conditicn,

1J'.obin-N•dwell, 1963; Tucker. 1963; Quality. i164;

,,RLCO. '9641. Som* of the marsh buglies -- 6tinnin

with thv 19,19 Culf 4x4 oa 10-foot tires (Jacobson, 194S) 4
and now ezestlified by tvarious l!Xhtweitht frave

machines utili:ing four large Terra-Ti-vi or wide,

aluminum -slat, pontoa tracks -- are thi "ran-

strosities" to which Philippe hAs referred [!964J.

The design approach to all of these macblues has S

been entirely straightforward and unthoorstical.

The requirement for =iinterrupted sobilitT while

doing the job to te done iOt the rrobln tozPreai,

comes first and foremost. ;4obility ia a specific

situation canaot be faked, and the problea area

cannot be avoided. Accordingly. ary and all con-

straints which conflict with these requirements are

relaxed as necessary. Choice of which constraints

to be loosened i. entirely up to the 4udgment of

the ind.vidual desipor. The final solution is I

often arrived at by evolution, seldom without

considerable "cut-and-trr" e.Putta -1 et c., 1954).

Cost is a major factor in the desi"n and con-

structie~n of %vch vehicles. Although production

economies are never pos:ible, the ngxt best thing,

the use of well developed, high production coo-

ponents, is fully exploited. It is in tbis latter

area that mot detailed -esilgn corprowis*9 are

workad for this class of Yvhicle.

134
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"?iilo the oerrali pror(xa~acs of aost of th-4

cov"rC18l spoctill .Purpo.s rekicles is excellent
Intheir c~ special coirditionis. It Io freqLkomtlyI

pocr liu sitnifictntly different conditloas (fr.f
Schaidt, 19491. M-ozvnr. asithor thiC lIIted
oarket for thcso ishicles iAor tzte resourcs of

4 ~their soviral sanufacturers will suqpport the
elaborate vagirioerial &ad dovlolewmat efforts *Licl.

regularly to iato military and pti4*actims commercial
4es 1g=~. As a result, the reiblteviv of
that* built over the years in som quataity, is

* 1 gon~rally considerably less than desired by tho
adltar Je. UAT3 192). It is particularly

poor whim t"e v~hlclos are used ii tyrrsias for
vbic) they wire not dosiga*45 san s-A!*ct#d to :he
ca~culatod abuse, which app~eon to be a najOr

mobile 1oggizng equipmennt. This work begazm ini

404 vehicles, zteered by fraw, artlaslxtialý, an~d
are exemplified by the Ca.u.4a Car Trie* Parsir"
119691 vad the Koch ring -vaterowu "Torwardl.Tr
(008igin New*. 16 S"~ 1964). Ualike the wilitary

CMS,whick Wa 0" somewhat to them, tkay haiw
adbered w'ro closelly to lowt tire loatings sad Wfrs,
witk their close,-couple4 coafigorative, givea this
hig~her "pu, mo-g.' mobility, more in Ilme with tie
potsatlim of the larte-tired articulateii 404
coscopt. Like the GOfl's, kovweve the 1w, a" i5

713
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Itoers~s of r-jfldneis, strpII:tty, adi spire,

.Mspru E~'. ',, i rsult. their protrrss t.rough tLo

t~aobre4 l;rd for whi1ch t!'*i were desC.%,.d 1:
21f-wd t acraw! b~y tnair ecms~ ri,'e in ctoozing

Stumrps. slash~, rocki, otc.

C'spite the latter prforssnce lialt, thes,-

olucinitin the uvo4idsr.Tearnv

Oft Site 3!'d : iatent Of 1ntqzrated tisibtr hAnd1nR~

equipment. at. the ratc of $p~fzlmst4Iv two tIhOUSSnd
psr year (C. A. Sallvtrsides, A~ttib! Pcwar S Piptr Co.,

Ltd.). In Canada. "odifications of ithis type of zs-

chino are replaclifl saall cosmrcial trscied Yghiclas.4 such as built by Bosbardier and No-dwell, in *any ethtr

moderately difficult ott-road jobs, in which, althouth
their ultimate off-ro&4 ptrforzance Is ***itwhat lais,

their maintenance and -Vr~sering costs havc prorax

to be so=e '5 Vorcent lover. The ntt result 1.4 a

reduction in oyvrall "prating cost of appro5l-;.ftcl '

20 percent, anJ the trade-off is ccrnslde-reO a ~
Or-* [Campell. 176S),

There is a orowiisg market, par-Ticularly J.i7
affluent Azwrics, ftr rariouzz :y-pes of aff-rcad

zports vehicltik Jo!. Gilbes-!, 1966; Caratveli, 1966).

In this caimtry, WiIX)'s, Ford, and International

PHsryvster now offer, spell jeep-sit* 4x4 vehicleos
for sport or work. Fifty-fiye ttoesand zuch
sehiclts tier* sold In 196S jii York ?fn~ev 29 Aug

196S), and Ford estimated that ity, 'ronco" woud iI

accouzt for one perceirt of their vehiclo sales I
isi 2966 [Axtlrzd, 19661. Is the considorabla

markitt for this type of maxclhia Ani less dorolo-p*4 [
ca~tiue1s, wherer Jeep-typo vehicess ar* ;ZTicl1T'4 utillatarian.n those U. S. v'ahiclas cospot* with tha

13S
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more rul~ed awl better i~run't Arittsh Land Rover 0
(which also offers a diesel enting). the xvrcedes
rAtns Lnixog line (The fqipitqeep* 2? Oct 1^.63J. s54

similar %tit Jas'anese vehicles 11ritesmi. 196S). J4

These sasal coaxerc ia) 4x4's have t~e save order
of eff-road mobility as the ailitary, jeets. In

their dtsitn. this order of performaact and the

b&ticslly similar Soadings and coafigxarstions P4*4ed

to Schley* it are scCepted. sa" tb.O ontintenint
irfrort Is concentrated an cost r.';iKtie'a reliability,
2atd parts rations1i~stion, and is scat cases um~e
makimng them "ror acceptable for fsaily &ir-road use

There is algo on the market ao Inc,.ogsint

by theinita aicns f eryn over thed aind. skid-ac

vehicles essentisally fov snoew snort. of wd~ch soot

j 20,000 vorti sold in 1965 11180hift* Desig'i* 20 Jam

1 18661. A1l have been deslrnid srmaad a clever

arrangesent of available hits, sad pieces, with a

sptcific sports market and cost target In indt.H

Alschoff has cataloteti a variety of current small
vehicles, wheeled and tracked, whicN have recently
been *zasineil by the Army j19641. '(osae of these
toys Teach nuch, however. Kotb their job-shhity

**A their b~asic off-road mobility are lov by
current military stsandrds, particularly whom
Coaditions are severe.1

satli. coaecr-Cially coactived. tracked vehicles

23
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into the silitary qvtqem ('rvvt'. fort. '-O).

In each case tle detsin effort has consisted of

accerting a debsred rylesad, a novIiula tround

'rCssure level, and a steerini confituration, which
experiece N3s i.dicated will generally work, and

thereafter atteoptint to hold v'igtts and costs In

line. SC!'e tiny. niohie *achimp% S"Sys have a

certain fascination, particularly to tanse who were
once Paoy Scoutb. Although their rerformance is good

in marginal %oil conditions Ict. Paoris. 19641. they

tenerally sev.. mainly to uJdoanstirate the difficultv

of huilding a %mall off-road vehicle which is truly

mohble and a cheap off-road vehicle which it at all

reliable [cf. USK. 196S' Wolar S-trtke, 196$|. A

possible exception is the well designed. IneLiensive

Swedish half-ton carrier, the Snow-Trac, which. In

%now work at least, rppear, aolite rood 10olor Roeord,

Sep 1964). A somewhat larrer (l-1/Z-tvn) snow vehicle.

built by IPotchkiss for use by the rxneditions 'olaires
Francaises In Antarctica, was unveiled in 1966 |?ý#

opine.r. rch 19661. hut nothing is known of Its cost

or field performance.

Fxcept for some of the vehicles for oil eaplora-
tion Work In extreme terrains, and the ubiquitous

tracked construction tracTor, current working cmmer.
Cial off-road vehicles ore almost jntirely on wheels,
9n( this discussion of desitn approaches has accord-

ingly dealt thus far largely with wheele4 vehicles.
However, the situation with regard specifically to
commercial tracked vehicles is fundamentally similar.
The develop",ent of slow-speed cinstruction tractors,

which account for the overwhelming hulk of commercal

tracked vehicles built, has long since ceased so far
as its soil relationship is concerned. Their comfieu-

ration, and even their basic ground loadings. have act
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ch'~ntt.J mate rIsII Y ini So) Yer'r 1c f, ,h* Cji neeqP, 1^1
4 legros. 19tsi. r(,r tPie foh-t (or w'ich 0,er are Intended.

however, there arrears to "e little to h~e asked in

this rctsrJ. in zcnerail. a variety of track twdths
and trouser helthti ire avsilaHe for ts,.h mactline.

uhich rermlts% aJlzrtatson to a wide end useful rante
4of worki;nt conditior.s. rurrent enjintertne effort

is accordi'n(ly aimed at increasing lift an~d relli-
btlity. reduc'nt first and operatint costs. and

imp~roving *stylint' %nd oparatioa safety. convenienlce, I
and confort icf. llryvat, 1966: loo~r*. 1166: Kahle and

4 iflung, 1'n6b]. rather than at siterint YehIcle-tround

relationships,

4 Sý
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The Militsr Dvoi!J~ Problem

W hile the desirn rr1~ for' civilian and

xilitar7 oft-roadl "hick** deol with the same basic

suibject matter and necessarily haye many brosi
Similsritits, there are alse impertaipt differences.

These relate tc the scr-4 of tfe rrobles.w t-c ei,

4 ~s'ystte usisd )h aakia2 design~ trsde-o'fs, the great

Amber of taaxtatill coeliderations (I.e., othew

&tbS piaAq 1. pe.rformance) whick *tote wilts?7

designq. and p~rhaps most importast, the emebtrsove

oganitstiomal procedure by wvhich oilitary deuign is
4 ~crOepl ished.S

In the dosipa for effective eff-read "eratis
of a ailitary vehicle, the scope of the basic

problem faced is vaiversally far biv~a~er than ir, a
normal civil~l~a commnerciul dosiga. the J"b to be

6"o *ad the tonral: within wbich it imt be din.

plea to deal with analyttcally than Is tbo ww*1a clviliabm

Ditwation. To tke ordinary commercial dopigs
ccouaidr-atiens vast be, added a amv6*r of fundamatal
combat considerations; zad whilei emamrctal vehicles
cia vesaily be cinmcelved whicl art tel,.al1y
vmstiktable for kighway me, fee if say xilitery
vehicles Cat be accopteal faless they bave reusonable

04-highvar Manors. The tetal desivi Not
consider not *air the physical sitau4.tiom bet, to
a degree, the strategic problems of tbo arvy asd

carreat &24 projected tactical oprertiosal Aectrise.
The problem of fi24121 "s 010tiina ',whIS Can-

figuvetion, for the resailti~ag waavoidAily larger
range of *&sic job and ter~sis co~itims is

preprtiosatoly mre idifficmit.
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The value svitenm ulsd In c.,t ni'i. gt a Ill.

tary desigl vwhether foruS:ly or, as In the past,
or "seat-of-th.e-rants" "ethods, is also eore coupiet.
Dollar costs, first and operatlng, rte of co-Arse

Important, but with these must be taken military

values which are often unknown, even urknowable.

The value of a human life, either in military or

humanistic terms, escapes quantification. T.e
dollar equivalent of extra speed, extra reliability,

extra resistamce to iumo~tlizitioq, depends in the

field situatio, upom many factors which are c.'n-*

tinually changing. So for, not even reneral values
are available for guidance. And th* costs of

training, of fuel. of parts. and of manpower all

vary widely with the strategic and tactical

situatica. Cost/effectivemess studies are thus
limited oa !ot.1 sides of the line. Cost is still
tSlculable essestially only in simple comrcial

dollars, while effectivecess, particularly in

relation to the conseques..cs of greater or less

mobility. iP currently ,loost iscalculable. AS a
result, current ro.t/efiective're studies, where

they relate to mobility, favor dollar cheapness

above a:1 else.

Thi LuRber of tRaaential c~asiderttions which

eater into the dosi•t '7f a military vehicle is great.

part•iculsrly In cosperisoe to those for commorcial

vehicles. One iscreasimgly impuuteat group of
factors is trmaspoerbility, by air, rail, sea, and

self-transport over tha highway system tef. AR 705-
., Dec 19S4; NIL-A-84211, S May 1M01. TI-s group

iWaes limitations an 'be 4UAaimas &ad wight
of the vehicle which are, is nest faatices,
entirely too real. PoIgoever, peacetime coditioes
dictate that our military vehies be legally
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Uccoptablv on th. road$ not only of 'C ststeS but
of *say (*reign cotittries al. v*11.

Aa addhiotial set of crItical fu.tors to A
duvrability, reliability, "~izatainsbility. and
logistic econowy* inpctamnfy iacludiag parts
ratiowsalitstioa tsizhacff, 196SI. Each of those
properly *Yacts its sh;,ri oi design i&ttetion end
compromise.

All systemsaend coapemats are d~sigiie to

bibliograpibic military spocificstioas which Ir ')st
m yrtad de'"j '10 rewrt~s, only som of wh,~icIh

ftar be g~ryAe ilk alky fI Oi f.X-G S3
CM-vehicle material, c-,wo~sicatious bmnd e~ aglis.#ria
probleas [Hedgecock et a.,. IM)Z &ad specificastions
mu~st be att. lecause of the inescapable inertia
of tbA vast Aru'y parts sup~ply syst**, standarl

pat n compwms :swa be vs*A to M2, greates:

masterials used is the emastruction of the
vehxicles met be cmssistest with policies for

allcatonof critical satortIas dwiuaig timas of
*inrgenc7. Pro4ad.ibility Is I.-poflaat and the
ivasibility of rapidly incressing pro~dsticsn.

emargeacy, mo be cwtsidered. Fisasly, relatedL

to n~ailiyro~~bi~t, sad parts preblem.
tbo dosigns are geserally largely ialalmced by
the ttato of co~mpoat davolopnast, ubick fuati=Ls
as ea isortis tore in the response equation.

1U relative 1"orasc of thea sev'eral
Camptia doitsobjats. primary mid socosdsry,



tends to vary somextat from time to time. In 1951,
WWI! difficulties with the workhorse bib "4ouce and a
half" were sumoari:ed as lack of mobility (lack of
flotetion, axle drag and need f-r locking differentlsli),

roor ride, brakes which did not function whet wet or
immersed in mud, high suspension mortality and high

repair time (Call. 19SI. As a result, desitn objectives

for new tactical trucks were listed at that tiae as
the achievement of:

3) bu percent gradembilitv

2) 20 percent side slope shilitr

3) fording ability
4) 3S mph miniauv road speed
S) 300-mile minimum range

6) air-transportabilitT

7) maximum ground clearance

8) lw silhouette

9) run-flat tires
10) locking differentials

1') be operable on 72 octane fuel
12) be operable at -65 to #125 degrees F.,

all in vehicles characterized by a minimum use of
ciitical materials, minimum cost in voluse production,
and available with kits to adapt it to special uses.
In 1953, the multifuel objective was adder (Miller, 19531.

In 1959, Lynde listed objectives in tactical truck
design as: !ignificantly improved mobility, austere

logistic support, improved maintainability, and a 100-percent
increas, in durability and reliability to 20,000 miles
without depot overhaul for wheeled vehicles and 4000 miles
for tracked vehicles. Bischoff, La 1962, listed the
priorities in relation to tactical military trucks as follows:

a.'3



2) Off-road ftbility

3) Durability so'd relisb~11ty

4) itrzt cost and producib~iity
S) Perforwsance in oetviroznata*

Ma )intainability
7)Air trau.pvr-tabIlitV

3)Flostability

9) Econosy of operation

The 195Z priorities set for the. conrorsios of the C~am Goast
to the D661I wert: performasnce (we~poially cress -CCmstry,

while fulfilling its "intended purpose"), dura~bility and
reliability, main"In.bility,, transportak~ility, eonomy of
operation, simplicity of design, minima Weiaht Consist&Ut
with the foregoing, and switakility for both I"u swai h4ki
pr**actlo'a I3ZPD 62-22, 19421.

la 1963, Liston, somwhat parochistlly, saw imprwuzoots
aOccssary as follows: imprvved floating abilityv and
improved ability to aegotiate 'iverbsaks, isqroirod ability* *
to operate in areas t1hat arv pruaently obstacles to off-m
trcks, an iscrease in ae, rtiosal off-'rood aspeeds toy a
factarr of 4. sad improved woak-soil poiefvromac, sina±ta~ift,
tb. wkile, fall air transportability.

Most recently. ina speaking ef tke G=~ progrm. 4
iiarshfield 1116S] ordered priorities as fell*",: trm'swvI-
ability, msintainability, rag~oioass, drambility zaM
reliability; and Moore, is disciistiag $-,Um triack d4w'eiep-
mots, list*d the problem as -misuse, abaso, 9*lsct. a
sud." and pvt the priorities: perforwance, rsliability, a
Awrability. ainima maintexame. e*as vt maistafiasce,
configurstics. transperu~bility, and ki. avaiilability.
Cmrreat maiatsaiabiiity poals UTr tactical trucks &MVe b0os
7&iss to a to percoat capability of p1*La 10,MN ail*t
wit~h *Aiy Umit support, 28,0" milo With Mily dizlwt

1wow s
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support, with a total of easY 71ý hamrs of ta~scX04*l0d
~A2.attaance 1)600te, 1;6$).

All the. v~ious roquirv~vats, wbather basic *7

tasgwntlal, are irterr~lated 19 Yar7owS WaS a24 dog",es.
Figure 4 displars a yory prlieiaiary check watris thowtag

Areas wfier# strong into "t lot ioships uz*ally will bo
fomd to exist [Sites, I"$]1. It is clear frou this
disgtrz that overapocificai~tou sas quicki- freeso a

as choices, or ores to 04 potat wtwr* all "t

?*"irewaots cauato in fact be inei. Sit*s hss sls*

J Iui#t*5t4 tk~e Usefulness of &a additiozal matrix (Fig. S)
giving patrol P~ieyitioa to, bo folloWed Is MUSSa the

trdoofsArtas the desigz process. (His dispIS7,H
as will be %seea, g-reatly favorz vbility', be% ke does

mot presoat tebasis frIts cosstrvctio".) Tawt

such guidsace, however, It Is a;paremt thst saiis? such 4
a 9%lter of considerstiwos of varyiag i~crtsac, pVrs.mted

UsuallY I* var~ytag dogrves of queatificastion ed detsil,
the basic but ainor-phos cmasiderations utich relate
to the job to be 4cme, ths very peais" d'.tpo for the
Catire sachise, may Set lost is the shuffle. *

7he final and probably most iziortant differveac
betvoua the military mid the ceinrcial &esipn approocA

is the Ieasthy, CN*1*2, amd Ct~rSeS Prqc.dW* bf
S'hick a military Yehicls procoods from requireumets to

issue, vhish teals to Ce'effed difficulties at 1oast
as MAC~k as it is W&tUged to re e t~hm. This fwot of
the problea ia owutined La the s~ection fosliuia.S. W1fIca,
It to f#OrCas`t at tWS 14is that the SS*Or Of P"10l

1 X- ~ invoh'e, the 26160 of voices 16Lkk %sz board MA
satIsfied, the intersocis ol~eitic~s iavolrei, axV vast.

C em~Cafiitsee WNom coinitteo ISMk its IMU~bt., .~
there is 3w a truly retpemsible fo~r the overall reiout
at aay tin. pb ifotal Irsbht is a tiae dolay how.M

K~ ~ ~~~~~~M ___________________
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S I
InIlastian of a reqiuest for arvied equi;a3L*t nd .

its fnc} productirm Which has rcached; as *ucn as

ten years. Partlyr as a 7es;lt of tev 1-,: t1i

d*la7, PIrttly a a result of the c.c•etttte ppTroCh,

prioritiie and goal, cantge during the courte of

doveolopuent. The problem has b-en Ilkened at the

technical level to ons of firing upon a *orin; tart,'T

!Xarwy. 1964),

3eyond all of these probl2as. V'*ch relate to 4
the conception and deliver7 of i single design of

vehicle, is the staple, lmi recogn:ed fact that

one vehicIc does .iot sake in armwy farteli. 193!1.

The mobility of an army de.pnds upon a complete

#Vetes of vehicles. Tho addition of on* s•,4ramobile 4
sechitne to am existing system of essentially road-

botmd 'vr¢Icles can have but little impact trporn

the total situation. ecapsiti•n of this factor

adds furiber inertia to the dosign process, =king

it ever oasier to favor -obility tolutions which * *
do not alta~r the ststas quo in preference to tb4e

more radical solutions which aiome cam produce

mrked isprovesoants. (Ia fAct, the order of gain

in mobility deoltrd st this tiso can probably omly

be achieved by starting fresh to drcelap cn :

entirelf nr- 9*pete, umftftesre by the lack of

mobility of any or all current sachines.)

I a
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*?he~1 4~d1pefc

ýd*P am*,% m..e~re op&*& is the pea0
*vs NPte* or5se.

Is or-Ja t* uandortsad som of tke problean
wkikcX currotway coofo=d the c~wsliim of a.vv, morv
Wafctiv% ailitary Yehicles, it is u,*fel to tracs

the reowu 4y WhicA a rsqsIveint Is 4tra1opd

Itslier. 1P44) and Verhaps ultiastely fulfiiled0

80 to loot the incredible zwmbeV of people Of *
will hawo their fisgers in te pift Watr* it is

O-s of the 94jor fesatrgs of the Am~y rtogogm-
ihatiest Of 196241 waS tkQ CgOsslidttilM Of basic
system sAn equipmeat doee~'lepat mad pvocuriemt
isigell aa4Sv the Army Material C*94 (ASC), sz 0n

the motralitatioa of the coset develoment
fincties if all arus mdar a single Ce~at Dovwlop-

systan is eesipiod to deal with &aytking from a
paper clip. gark 111, to a worldwide asti-aatimissils
systou. biefley. In rolatieft to vakiclces
It worts Wppnuzimately, as tel.Ams.

X004 f*T 9 mWN weMCIO Wy tbe suggsted b7 Y
ef awtress soarcs. inlucitig field toiciss. US3

groups, the sevvars trs~aining commi, orvrt f
eckeloss of CDC itsalf. path s%4* suggertigs is

the Army's loag-raage plans Mtivtamt requirw-

omts. CDC rvview isciades evalustie by its

-v F. 77a ,
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Appropriate eervice g[oT,• std i rie'tld z•~retk.

agencies (such ms the Service Support Creop and

the Transpovtotion Agwwcy) and infcrsl coorJl 91-,

at each level vith i-stereste-A service schools and

boards. A prioary cbjoc.* Is to eitaslisk vhether

or not there is a bons fid4 need.

If this is agreed to, the proposal is sent
back to CDC through c€•naaels, and there is w4& by

CDC into a request to the Office, Chipf of ResOarch
and Development (OCRD) to establish a (Qaalitative

Materiel DevelcPawnt Requirement (Q1.) for the

item. The proposed ("4R will generally LAclude the
following:

1) statesent of requirenests

2) operational, organizational, snd logistic
concepts

3) justification, feasibility, and priority

4) characteristics
a, perforuance
b. physical
C, ueintenance
d. human engineering
e priority of characteristics

S) personnel and training considerations

6) associate considersticas
a. training devices
b. spcial tools
c. krts (to be developed concurrently)

7) cost target

In order to give AMC time to think about the
problem, to begin determinatiom of its technical

feasibility, and to check oa cost and perforuaace

targets, the proposed (ME my be coor•lated with

t 14,
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Tani -Awto9*tivo Ceatvr prior to its ferverlise to

AEand Its" %Cssutoontivo davIot.e asoy. 619beA~
wwDv Crtakematioth) point. vrescmas

exam ines ta for.y &mo~st$(OAA) other thiss. tcesc*
fasibilit~~.es~y. a myPats or ar*Ject it. r~oamo b

exosiacsitoy for, ~sug esth thatig Itbe onmicg t

tite, Assistant Cbsef of Staff for Force r'.veloreue

f ~(ACSFOR) for looter-rant* coosiderottioa as a I

Ovaaitativ* matertyl Davoiorment Ob).ctive (CWtbO).

It accejited by OCIO #s sea-dod mad pros~oeti fossiblt,

it be-co* ; a 041l (or "rkso &am S4D - Seall Dqoeoo-o

seat keqviirem~t, which Is @ssirstiail7 a Junior C"U).
Should its developmwet requir-e zubstantial now wso~ev*1
however. It is referred by Ml~D to th. Mattritl Wevvire-

stats Re0,j, Cominttee before It finally becoeas 
a Cwk.

Tis zoinitt*9 is a per assat Chief of Stsff functiou
cosuiosod of deputies to AC.S701. Dervtr Chief of' Staff
for Logistics (DC3LOG), and 01-C". with CM. AMC. smAd
Dapvty Chief of Staff fot PeysCasel (JSfriM) rupro-

sests? lye, as regular mmf-Tatial lpttticilpats. I*

Practice. about so percent of the Itoms asse4 by OC!.D
de. net requIro this rtvfew because the sooty oeirod
zaa W, hsadlod wzar~ existiza, fuai*4 pretres.

If apvmved throwib Whs pelat, tke proposed

rc#iireweat Mooaes a boas fid* OWt aand Is caeotr"
iato the Coobet rievelomosts Obioctivo raid* I0C.C)
aloss with sasoy a&"y others. *It *AV Some be
fsaded. when mad if Its priorizy restx s 1 so(-
riclext I& r.Istiam to total available fuads.

t5it



L'y to thi~s ;O~xt tha Tro."4*4 sew r*Q-j~rr#~zt U4
has bsac oriStja!' on nu~sr.us leel.s:

I1) at th~e crijiliatirg *sVlrcy7 or indvidusl's

2) st Ccubst D~velo~.e*3a Co a Staff JovolS
1) at CDC Croup loysi
4) Is tho T5?10415 CDC Gro'.t 43scIi#

S) In the Amy Rateriel Costmaid (at rnsr~o'is

6) In the field ArultvI
7) In smw other service*, sad
8) In tort cases, 14 fotI~ip 81iltsry

Ser~v ice*~

to fact, at sany of thaos levtls there a.-* two

oportunitioi for *valuatios: on the way down

through thp cheiz &ad slain on the way -p after

cownens frov 1c-wtr ecbelots. Is *dditicea, they.
are irpvto frov the, nocesss"~ craas-..or#1l~aties

"etvoen groups at the sase loval.

Evaluations at ***A Ura~l cousider t~hc 4

!o~lawiing points, LA various dogreea:

') s there a rval need?
2) Is there it 1. i ten already is tho

3) Are counarcial iterm awailsable which iiwil
do CIOe Job not astol Vh1ut to a~n accepttzle

4) Zs the IC*8 terh.31cally fessible' 4

S) Is the tactical or strstegic corcept wt~ic-b
**vision$ Us.7 of the Item sound &%4d

definitely is Isom"iste, lateria, 01 loitf-
rtS3 plessI.

- S 4
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7)S 13a i the tIZO gChb"410 fir d4ev1#?pet?

4 6~) It t~he caSt Pvrbititt" CF &CCeptable?
9) s Wha (etuart of t%* teqwiroomt can be

Utakange to rsiaco %?I* colt?
Ho w will fuadii~ b# ktadled?

The approv.4 OSR is r'wtned# by OCID to CDC,4
vbe forwards It to AMC for flusl actime by Its
teckaicst comitteee This ectien coasists of final
coortizatime with tke other services, esta~blitheantI
of a 68:13 of isswoo istargiastion of technical
feasibility, 09tahllshmat of fusilng, aw-4 Ssseigh-
mat. of the task to a developina: center (p%,*ab1r

Use repeasible sgvacy will dello..:. deig*s I
Prototype, S" prodectios iagiaeerlag problem*I

will asuaally b* A~s tkraoag coetract. Uaer

vdor a autbr of sualler contracts fron each of

l~an. Is Uhse* studios* each seleCted coupsry
spells oet in detail the ezt*2t to which 4evslop.

mt objoctives, porterameca, costs, sad scheduler
cam be mt. Thoe. studiet are iatwded to assure
that SQJOT d**ePW t~ia poJectt Will bO MdortakAM

fand Caly the msginowring resain to be d~e.

Ofco nL the case of am. o i~ w develov- v
* I - project thart Is &Iva" the need for approvael

Apt-
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from tee Office of th.e socretary of Defoeos (f2,Y)

to u.dertske such a development, azd swbseque4tly

both t.•e Office of the Assistant Secretary of the

A.rvy for Sesearc.1 and Development (ASA(IR3] &ad

CS3 will ap;rNw ta* Arumys Progranm Definition

Phase Plan ani avard of contracts for the sutisag

pregrnm W•efiticn studies. ta a8ddtia, C0D most

approve the soloct lu of the final primeO costractor.

The cycle to the award of a develop sent com-

tract asy, in the case of a &&)or item such as S

new main battle tank, take It months or mort. (The

period of gestation of an elepJ&axt is approximately

024 -lays, but it izvolvos fever personalities.)

With the award of a contract, active develop-

msat begins. From this point forward, respcasi*

bility for the developmnt, testing, tad procure-

meat nf the vehicle system rests with VK.

"Preliminary designs are developed and tcst

rigs are fabricated. The test rigs are tested by

the contractor and by the Governmet during an

Eagineering Design Test phase, designs corrected,

accordingly, and the developmet pilot models

fabricated and delivered for the Lagiosering and

Service Tests. From award of contract to delivery

of VilotA may take two years." 0

Eagineeriag and Service Tests are conducted for

a period of approxlmately one year by the AMC Test and

Evaluatlio Ceinamd (TECON) at Aberdeen Preving Ground

(Sissu,, 196S1. "If all goes veil, sad it usually

&ee neot the vehicle will be Type Classified
A

Omotetameeo from Xorrisom, 1945.

IS3
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fStd A,' udIt to taem r..dT ts*r the proedcti..
phaeo.u. Froque tly t&& pres.I01pot ars usdc
avallable h~r alnted field tenitial by a"e? gr*wpe

Weere a d~cuisoa to takes, V%'Ieh "*Wally leads to

'ThftwgAmt: the devolopsm~it pkase, a ammer of
I&-Proce3s Reviews are hold. Te.are attosAed #y
"vpresoatativve of ike istarestd Departmost Ef ithe
Aray Staff offices, of the L-aterostod Arny Rateriel
CPM~aA VffIC93 SUb-COAM4SOa tad test e8**ci.., Of
t"e Coumbat Developunats Comaxz'd ma Of the verimus
katareoted Alrectorttet a *&Af #1ces within the
Aiuy TwAa-Automtive Center. At esch review$

6apsdig * thU developseut qihss., :h.1 4eip,
a'c~k-w1i* Pretety". ASA test M.Su1?S art Otalautod.
discusesd, aad a~pprved or dl sapproved. Each

q repteswaative ecmsidors wh'et-her or wt tbo
iter*st .fhsa2 v ae 1aife aew3w

"et, co~ron~so, Cooreie.6tio¼ &ad CO.7octlem mst
be accevplished. These revitirvs usatlly is, iisclose

fraqueitly resvlt lit pr*gram delays before the

m~o iZrst of %k r&tit hse sO
Mvaaced h-odectleaEagse~gpae olva

megotlatious, a costract Is awarded (morml1ly to

the daveloy*Aut coatractor). York in M3i pLaso

sps'cificatioes te ailitary staadards; cerrectIie of 4

seautalag deficlexcias; prodmct Is~rav9et; value

lit.

1146
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~g!~.trin; !srica?±oti of pro-vroductice pilot

v'.hiclIas; cmgineerizg for Inspection agogo P.At

proceduares, cag~ pisbiicatlns, &as repair

parts docursenta'Tooa, maintemnace viklat~ering; and

,ýei~very of & tachnicgi da,4k package suitable for

cowp'etitba rrocur..ent of the pr~duction v-ehicles.

"Pro-prod action pilots are subjoc'ced to
a"Iitlanai fasts at Aherdeos Proviag Growin for

verification of the prodvctios design. Coriectioama,

If teceasary', are includel irs the prv~ducitlca draw-

ings.

'The fnAS1 PhAsos to first production Lncl~de

programing, issrsarct of IavAtatiocA for Bids (nctw,

usually an a tvo-atip, $-mouth bassit), selectioz of
low responsive, respohsibl e idder, award of pro-

4zactiox contract, production lead time azd, a? last,
dolly*"r of the first prodvctiou vehicle. Coacur-

rmutlyp vith these actions, a Productioa Engineering

Contract (PEC) Is stsarded, often not to the pro-

dixtion vehicle contractor, to provide for continu-

tti". of essential trginstrint support after con-~

pletion ef the Advanced Prodactiou Engineering."

Tho first bury to oftra 9odest. Succerdial

buys depend upos the (biod scceptance of and deand S
for tbe final productina iterri. 1nassuach as Cbe

developatent of field dessand is largely the result of

expwosurs &Ad experiecac, the I"sproad" of a new re-

hicle taz..-jhout tho Arvy is oftee bighly depesdent

"uon placing it sufficient mumbor oif thle nev Machine~s

Is the ~ands of units which c"n proporly exploit

them. The' vehicle pioducert attenapt to aid accept-

ance of their partIctlar prioduct through advertise-



marts is veries krmy-ertested Jov'uals, always

vith the usual Nedisem Avenge touch (of. Arm&.

Arpsr, Opdmmes. say lssue).

"•Oere ofte* than sot. the tim from establiagh

mt of a requiromat to issuames of vehicles to

the troope is osi or seve years, or 9s mort.

hie is toolos t. Cbviouslye 4.cisi -misting delays

em the part of the Governueat cam occur at my

pelate| delays ca.% Jo eoleriesCod by the ceetracter

for may reasons; am, once the vehicles are as

tests auy failure can lead to does tim, redesign,
retest, and even a complete reoovictatios oi the

preorau. To overcous some of these delays, the

phases outliaed aberm are often telescoped, but

such concurrency say create additional difficulty

La schievemnt of all techmical CbJOctives. femy
&dtag@ "ecubS fr a 1e0k& ef of@tea mmtPoetasdig

of whet La toepoefL"uZy requizaed by or of sook

&#***I partie¢pa3tp toL the prormo. imeo is•g the
amerecero•. (Italics added.)

Ia the context of the Present study, this

extended lead tim has several important raaifi-

cationa. The f(ct that the tim frou coaceptimn to

producties of a vehicle is ef the erder of six

years or mre, takea with the sorml twe-tothroo-
year rotation of efficer persomnel, mems that the

full devalpmat cycle coa be expectod to spm t"o

er eve three chaaes in mlltary persenmal at each

level Larelved, from the GomeTal Staff, tr•armg the

develepm t ageecy Oad the requestig eGReacYO to

the uaer bearde. It Is even peesible that It will

bride, a chsanj LIa nstional adaimIstreties, with



perhaps c'iantcs both in policy fcr the ArV." and it our

in~crnftius. itsnce. While it Is one of tle japorttint

functions of the senior civil servants In rcPcnRzhle

• ect.nica1 rn'ationi to give continuity to tct LClilfd

protrsms throuth these periods of flux, they are

not always able to do so.

The result is that time and definition ore

lost In the development cycle throuih repeated

variations in emphasis and even direction during

its course. In large part this steas from poor

coaLunications, lack of testable specifications,

and :onsequent lack of clear lHnes of responsi-

bility for the success or failure of the finished

product in mesting the actual field needs.

In th6 absence of quantitative expressions of

requited off-read performance, each person reading

a N4R, for eaumplea is largely at liberty to place

his own interpretation on such nebulous (bu:

norually used) terms as "lanimau," "uaximum,"

"optimum," e9:c. in relation to mobility character-

istics. especially when the same documenmt specifies
quantitatively and with grrst care other required

or desired features which are often of less actual

importance to the vehl-:ls's complvte function.

While this lack can usually be temporarily plastered

over by a meeting of minds betwean personnel

involved all up and down the long line, the cracks

open again wnenever the faces change -- as they

must over so long a period.

The problem is coupounded when each person is

In practice free to assign his own values to the

1S?

#... .



rt-oative £atpwtsace of tu. compe.ting cIbarecter-

" aT9.d, *qmim@ (porti~ata or ir-veievzaa) and 3

objeetivity. Altin, tt.t-fcacfrouta: les cnn
establish a working cosesoas, but eacs mrvt it can
921y bo tWporary.
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The ....st. .! 4

The sdainistratlvre prcsdurez by WhICh

requirvaents are •4veoped, forvaliled, sad actod
upcm i s•pp1mnted om. t*.e tech2acal side by

comtioulal studies to e*plorv the feasibility of 4

*ew Ythicle confiturations and the poteatia] use-

fuleAs$ of new coconuts made possibie by the

rapid a•va.ace of t*cha.1og)y. Concept and dasip

studies, field and laboratory tests of comrcial

use-hines of iaterett and the c€%cstracti 0 of Lock-

ups tots o0 continuously.

LDurina the period 195S-1962, 17S proJects of

this nature were cenducted by ATAC in rul'.tion to
log'stic *hi:les. In addition. durin. the sam

0even-.,ear period, 3J "iioa" rehicles were built I)

11ischoff, 19Z6. (The texs "Iea" is used to

distinguish those machines (roe these for h'ich

prior requirements had bov* established, rather
than to ipIly that they vsre uniformly inalinativ,.

is concept.) At the sam time, cow'o•eat develov- j P 0

ment Zoes on continuously or all %a)or and minor

s" teas.

Cooav eat developmeut Is generally tuide by

pirojectAo3 of co€Vpout requirommts go-ra|g ct

of other studies. Wiaus, as Uaa often bes the
case vith respect to mobility, the earlier :tudxies

art usimatinstive, the cotp=,ent work becous a

drsa up*R rapid reso~ e to *wr ideas and

situationms. The results of these studies, tests,

aid devnlo7miets are made available to those uho 4

formulate tad/or forxalize reqliremts, ai soetiws

becoze th* basis for now vequires"ts.

LI
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Is recast yoars, under preesurs froo blgbor
*ChkOlO&3' thero has b**2 iscreaaIng aitoteit@ to
pearatric douiga StUdieS, LAU*40de to optia&ia
U4e fI2&l seckazical cowitipratims mf 5*m

vvehcles. The term ýpsrnwtric dasigx" is eaest
fftao ass~ociated with airc~raft davalepmrts (o..

M~oss, 1964). In tho aircraft field It refers
Solely to the Optisization of mc~hanie.l desIgs
to Accomplish stated, clearly deflaot aiseloiSs,'

Is accordaiace Vith a stated 74140 systes. Develop-
goat of the Risslan profile =Ad tke valv System
is the f~mctloe of a prior oporatioms analys is.

tie tamP poramtric design,. as is the Kaii. Battle

Task-1970 (Mrr-7V) 'rubloor taxIO studios (*..
Shiovitz,~ 196*1. actually refers to Oopratioaus
An. lysis. Althougt both rualeir the ou basic
Information (altoeit In different dotasil) 4
as far as terrain mg terrain-vehicle relationshiips
are coxcermad, the foactlons ca &1@4 shoula be'
"Hparsted. Whether separated or act, hewoVer,

the success of the basic spproarA ultimatelyi S
depends am valid mosms to iscetpor-eto both- torvnda
&" ts"min-Twhicle inferutmtive late ZRAalT~s of
tho tot~l "oprstlosl analysis.

* is rVl3tios to the complete covrret dinSIg
Piocadure, *iests which 1*4 to t00 dowilomat of
the currost prvposed famtily of high moiitk,
tactics. trucl~s (DXS6, etc.) are illustratirv" of
the cwloplte system iz action (Moore, its;
Nw? fSOB, I~) Is E'uveaboy Its&, no ilitary
cka~ratotistics for tactical tract wor* proposed.
Varixg 19S7, ATAC conducted camept -bi idea
studios, md late In 19SI tho first puwotrps or
idea rekicle Well ruinaia.

4P-
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Tho *xporlRce with the test ted rvwiclts wx.s
u240 kunru to the usiiat servicss wbe. )a 0ctob~r

1950, Prodtoced a study MOIEi. 1143) statlag ttit
dariss tho porio9i b~ginvist 12 1146S te Arry, should

be *quipp*A with trucki which wvre flafitars. of'
lightuelght Ceastruction, b5YT'.g =61ti ftaw

capability, sad as itcreased leve e of f- road

were modified and rztested, and s Oktobsr l'Ml,
mow military characteristics for tho tactical 0
track It%* -sore app-,oved.

la 1943 taJa 1764, cimtracts were lot for

*rperisental proto,?yp~s (actually "ji*coui gaero-
ztiom' vvrsime3 iri lgioat of th*e arlier vvrt). ;7

WArch 1166, costracts were lot for final pro- 4
pregactio pilot models of mte of these vehiclos,

tbo S-taui Dm14. That contratt wa of par-tie~lar
vtatrast fini Lt, ft? th& fint time, iaclided the

coastrsctixt of mtest rigs MS~ssat 19*1) int
a.SItlon to prepr'o4dctiou pilots, fcr use by the4
cestractor saA ATAIC 14 coetisuing doveolapmatal

boolag oelvaated in other areas af the 87-stev..

161
A,1

AM



1#111""~ Tta.

Prior to the 1141 rvergaaixatiam *kja~k ae
AMC* go" sort of rvcerd We*S set by '.,A davolormat
cycle for tb. WISI 1/4-tou truck (tbo cureyst 1a4.-

pn4AeatlP *swipid. )o~p fParqutateto r~eamr
!940)),, witick took gp4r*2simtoly tea y'e5TS frza tke
nitliatifft of th. Project (so$ tat begiasixt of t".

staff work toe istablish the proejct) watill t?~.
ftwrst pmtectim doliverr iSibbrp, 1144). Dosfite

whick has am b~om La Ow. 11.14 In jqmtity for
**praximt:oly four yvars. is set ceasider*d

satirsly satisfactory. A prugrza to obtala a i
replaceamt st mee ar susi St-O7, wjinlso flestable,J
simpler. id cbeepr Is wderwsy (UP1 44-12-S12.

Thea ~rexiint t1, sace wpm w~1ck delopoq-j4
meat of several moew moset car" vokicls haing,
Improved m*iiity hks pr~cain.#, an rucwstrwct#4
from p"Usbd material, Is sketched isc TAU. Y1.
Timas zsiom coal irm tkat apprex3.mtelyt *12 ywszo
go by btvooa the astalishnest of a defintite 932k 0
M4d first predwtion deliveries. ?4tablisharat of

* the task my Ia tart be prec*d*d by iowil years
tf StV410s, test bed *mewopmat, ate.. DOwjite
Um a qareat *wpscy for step-sap tromspestation
Is large parts of Vietsaa wkit paswn~td the
ARPA/3atkIps/C~z-y-ior Karsh Screw Aq&Ibism, Its
davslopmat cycle, frm vtudy Wt.%nItb dtsip,
cattasgtnm of test rigs, em asicimte rojoctlo
(by Ca miitto.), was Little b~ttsw. Stmo beps
is IM, the first test rill ##pssird AsOwm

mll M4 states:21e tests ft relstint to its
dozipne tactim weo MIT C88@ete4 In Octlab

F I
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not all ro".4ti" S.?ulyin~ts ~ beg 4*ito

lelisarely. !x*161ti.24 #O*r~ttlSe Witt prior

dT ivilapeeat. s"a t~o Wn7. t~e sccassful
trac~ke Wtt Ayrsar94 F'erse*&t CArT107 lprwew.44

frwa ?~virvtotta ts first 4#liwry (11954) Is ju.st
60 a'gstks aad Its 9E111Ov .rw ctossf-Al swecesae,

the Rill.,a Is -.rw2Laetvl7 43 Motua (lfl). Thf
cerua 1, 3-P.dis, ?fac;.A. S"d J.2PuSOOS bae" eack
$is". Aslp Swair v."Icles a ime it the goo
ti1s spas, I1AbUsjk the bhitish F.?. 413 AnC toot
wprnia~t&I7 fire rears from roiq"ireMe to first( deollvvry' log.rtiovics 1g44. lt44j.

lmtbaso rvspettsble ose times reflect

exer-i eace oy loo cited briefly to Ladicato tOn
other sea of th, *Cal*. Just pvi~v to go S* intrT'
inte the war, bet ftlimixg a lo~ period jbo v
uintllwy nitt.91 wer far from fteaeso ing? . S.
prahleagn tbo rpm from receipt from tbo Armor
bo&P4 of proym..d silitary c.ar-acuristics fer what

asS to bocaw Cbe soccessful *-4 Nsdlon Tusk stil

protctio of Is swalts POT 4SY was 21 asmtka. Of 0
this, $43 fly Ow itas ovet Spes ina staff wort
Prier to botime's actual des ip vwek. ow?rd the

1b &~f tho var. the "p from talt latim of fte
v q t for what becom the X23~, 76mn Ow Motor

Cwft#@*- Isi ts vvy ow rtiUc.SI a Ywh.ICI as tbe
*-4 vas bWftr It -- tkwusgb Prudecl~t of iS, per
day inn ewly 13 sustka (AN, 1#4S). tr-itish

S&Vliteoc w"s f~iflar. Mile J4% WW m**ly feet -

Teens frua the Iis~plas of 00e 'OhI~mdaw

OPT
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ae tart* mw&r-3 b4i&$ is tte lmi4.w of tYrs.;s t~a

war *sd*4 prvt**.Ad# frvm th* first E~scessions

itiardial its .,ssoiblIltles thYwv: sccCptancs

trialt In 1-4111 V" YOST t'C1b. 11441.

Of Particvlar iatorvst from thevi ?*lwelt of
prvisot interest I& ImprvvAig mabillt-. is thie V311

devvir~pest history of time vemhrrlsb MIX Wease

(Cksucpill, 110$]. rha #stir* ?")O.ct was VO&T
Weka me a "crasf ba~it owtstde tke *ssttIag (8:244

evirk-irdomnd) 0-idmaca Corptk cbamles by e zopxroto
419MCF. thko Office of S<1cUlfuifc 3*i@&ith and

~ovl~~a~,wberv a Volt CMCoIcelt Frv)QCt

celid pass hrhvalk tbA **tire roview procevurv.

become aejthorit94, mAd actually got Started Is 4
vqeek" tUus, 1tM). Prvject rvap~msibilit7 sad

sthbarty were 4eth hitily castralize4.

The stated rvqvlrm~aut Whick 1.4 to the utseI

(1'wiofly) for a **oil, versatile, ait t?0i-

prtable %&cklav for~ us* primarilly, but not vaeiejy,

12 A*." ZROW (Ski.res.e 1966). The 10asic time was
first put "to=r tockmica1 ""I*L as I Xsy 114Z.
&Wd Aosig bogs* on 17 Key. The firit indwI (-15)

most late prebbctlom 1,2 Momvathe 1942; the ,cmdw.
ca~1ete1y rohoslgpm4 medl (39-29) In Aagvt 7.243,

1944 {C"SR.D, 1944).

Then truly rusarkable foster* of Wzi c7cie Is

tkat it covered the dewIgpinat of a totally mmw

"411"iu for "ae Inanes trem rad hit.Mert lxrgely
uacmewsle.ri9ed.v~rwtsust. Its first tows ~amths

*A0 ualsesis(aad rmjvctles) of all
Ye~cas ime a~al~l heiug Msy trBM-SV134f



petastic1, -ad Ltosuira proctcicl rtseswcl an t.ko
Cotrel.li3 features md prvp~rttos of Uw teorY*ia.

The fisal Preiect stand to thic Wp o"'? twenty
years later, &a pork*t. eb. w~ asoila of t-rvad
vehicle ever acc.jtGd itot tk. ranks of st&A~rA
Arwy rvhiclea, *a0e17 a13 iisaw, bvt ima £ wdo rextv
Of otber gover off-ru.4 cas41tiras fousd all ever
the VOrld. Thea, glth~oug OTIgtAallp COKAIV*4 &P
a special F"1T44 TvhIcle- Its anstabodiAg

moblity crest"S few It & 4mfirite niche. by Wh~
war's end. SM W.ZlIS Vqrs Preavcd (plot uMO

sarior **del*) M4 18,000 merv war* as *rder. bAd
vtkis was despite ammres aecimcsi 4sf iculoeae

MA a dafiAltaly hlited field life. ?be Lesson,
Ptfa&s, It that whilea 4RRb&'t7 cm&t bO s01d ms

Vpr-- st least 24t yet -- it is vvWAC. in

ectusi fiQ:d c~mdtlass, so aSt acost Us1ck om
cousider*A ummcc~pabie bock at the Loom office.

An a flaal .avayl. of what is pasaible asdew
kig5h pvrwsur*swand w , "Aitiwmahly, requirmamst
a.-* not Isi-f ar as praicticable thraus the wse of
PyVV's caggmst =ad mailable tchmelZogy., Is tke

davslpas Ue also03 asdr ma~j.at, @f the WTI-

lUUM3, 2-l/2-tee *8O aehilbee truck (Ste~bqns, 1944, *

OSM, 19461. The coocapt, bassd wpm c~vwrsioG of
the thos stsadard AreW -d~om- ad-a-ksl C,- was first

broah&4as It April 1942; twe first pi lot sod
W*8 UWSdi7 test by 3 Ans 1542; the first prodecti - -

304415 *or* delivere" 21 %wru'~e? 1942; wn tAey
war* first ss*d U quantityp I& Lb Laviwias of
Sicily$ I JU2I, 1943. 1P' 0wCwAee 143, Z@ *at"
ftem Laittal e'sceptim, pre.ectiam wee at kbe rates
se 11S per EMUn. Doedlet to Ws, ?bo*e "a" set

3inq &We"1. candn"itt mo ntia 3 S La the Ilateal,1

164
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The Frables of r~ewposs tlia 13 a aerlvo
me, well r~teolze4 La its tizaesapects at all

levels of the Arury, altho'igk !tz effects Lpeo tie
witizate xvits~&ity of tic fishasze4 pro4isct A* aot

ftPO8T to b* so fully *7pr~ciat*,8. A 1961 Army'
legulatim jAI1.25J Wa as its objectirv tke re-
**Cti= Of load time from prg)ect taitlatim to
first Froaactlee tell-off to a Umaai of fool
rears, aveeuagly a aneet cuough goal Lx vehIcle
deveolopoent i's t?,e ligtt of 3" of the orvesieucs

just Catlink0d. Tat, $mee five years later. $?octal
orgo"Isati=*1 arranguseats (JRATA. FttY13ST) have*
b~on aeceessry to rvplace the "aersel $-IQ year"
l&Ad Itw wrhes dealiag witk rvq'iir-vats geeeritad
1A Vlotam (Utenoo~, a vri 12")M.

Three factors 4istiagui,& the vartL~ae MA
better peacetknoeffornts free the rest. Te mst

Skview is a seat* of ur-pseY. lt S"ltienally',
tbe serv timely dve"%opwsess kero -6ua cbaracter-

lied by astijment of clear rospiesibility to
Ideatiflable, &cees,3ibl0 ia~ui.idiaals ad Suamesgeslo
groaps, sad tk* tivercaammt of all tgeastial
rassorct wWa dAvolapmee: from t~w o'.ret~eul Us*.

by wtick the re~wirvwats are %a im predactimn

karwaro.

Wkile nsck~ of tb. preseat hydrs-**&A"e staff

vv~rk wtich scr**ass cckocks, aid recoc~k~s tho wvrk
free kegina*iLg to eeL has the lsaudable purpose of
reodciag devolopes C tin* =Ad, particularly, dollar 0
losses, Its real effect ia relatiem to g-ieu"d
cr-swung Yehlcles appecrs to be quite the eapf" it@.
Perhaps Vresent circuwtatces will gmerato tke
sees* of waertime argeacy esailto rtesrimp
procedvros along the lines wkick ha"e proveR

XACIDStay il Vast 4itXat.imes Vikere OW4 P70blOs

wvere real =4 pressixg.



Isl 3*7 area.s, "& grvomud crvosiar, ab~ility

pw *a say be vavired emly @cc-a11aa117, bat
It is nr*r froqwuetlv a meor tlohmt isa cex&ao4
iLupewace System. Recent eotkaslass for awetacle
mod rid. s:Stu&* and U%& e noling evidmeos t).at
Nay other elousats of deSI~ enter Lnte Cke off-
rvad performocev of a rekiclo Jef. Listen 88A HMW-n
vote, IM4 I hae" tcrd*d to dwagradse tle ison.rw
of xeft groom& om~illty. Regarilitss of tbo ft*-

qmeAcy i xcur'reace of Ohe problem, h@mwr, a
go"d level of weak soil moility eas is om of
zb iprtn 'iittgh iag azrtf* fWfreod a

To Sstiew 11" orth, IS6n woith wich trulyaa

ratile ma-a e $matd Thb sl to t mes, b"C' a~
key comaikiptisa ianc.itsl deigsc. Liftwul e

the perfor~es of a slagi. tire ist sond m4 i&
clay as ftactims of appreyritet le"lug americs

(Freitag, 1MS]. It is evident that for a ziwem
tiro (U -tirv width, d - tire diiameter) at a give
6affloction ratio (s), the tire s tr~arr perform-
am ia a given soil (Cl or C) decrosass almost

lifeoeriy as OWe Wamsal wasit QVOMd ironsusaft .
Lacrasus, In eithr so41 tyve. ftteinuc Lisa
ami maff~ct*d when as elf-reed wohicls goes war-
eigkt them tboa a &ast or anairplaem is Owy-

105
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UCivud1y. soft-Sr'.md amohlity Is Improved by
takixg vhateve? st"p mm iproctiWc to rtdwco the

iscla.~v irtleulatlos of the v in& Svee elemmast

sothat *ack umit ca bear Its apprnilsate sbare
of the 1** r~agriless of the co.ovlations of tk*

ssr=4;a 19mi configuration to Ted~s load
trs~mfg, effects as slopes; and reudctioin la StrviS

Incruwos~ts du to Steering; as well as improviag
the Pressure disttibutiem betvies **or (tire. tra.ek
Waat hav. TOM) am4 sell Is tbo contact &"a3 evE? so.'

To imrorwm obstacle crossil agbility, the

MC1i0. Q&#ds a long effoctIwe whoe~llbsv, for
1krwust, stability sad bridgial vibes wcsisry. The vsAizo
ihouAld be at,-:elated in the pitck plsan so that It may is I
Qi-oct hoist itself over as obstacle bit by bit.. ratbher thea ~
all *t eaCo (with Ssoo part sivays Is a rwititm to
maistaia foot ta for control sad traction as tbe
wthars are sc~hr1aubi over) sa" so as to eweid

is ccutrclaablo, or active, further piats are11

possiblo.

Obttac.10 svaittaac is aidet by agility.. tue
"abilty of the drtwe-v-r-blue syvE* to c~sase
directiss rtpid1, end redilceI!7, and by koepiag tba
wmhicls srrTow, its mamlwos tnsraiag rsdils suall,

MAit vm iftb dwring a term to a elkaes.
HIgk speets scrazz rouOg tarrata Te5aif5 u long
wsh*elbae. sad a deirp, soft sarpesiam with &~a~eu-n.:

dampixag aad roll stability, sad are aided by ro1ac*4
msqsrmp, mijhts (of'. Lekt, 1944; SIltaumr, 1%5S;
Litti:; l?")J. Prslided they are CaV164 with still

aCtive suspossi~a elarmts theeretically cat Pruritd[ still further speed laciwamm~ lof. A3AC, 1*51.



All 4,1 tu*so facts Sre VI'.1 aws. gems ge

Aarl~leb to Zaek* useful (bImt net a&'c-ssarill tV..

.ltiA..te) ealav Ag ~ICUlStIMA L& ralaftiIA %*

*&".. A&&, witkiLa Its soaer, 4*eiga iulp~vmett

* Lis ozy wi mockmAcal a"pect of Owt sort ladicstad
brir~g witli Lkem cmtL*.e'is Impteveemnts in the

a~.rpriata m"Wi~ty aspesct. Thert art so
.scatln"itlos 13 tU1 c~aa~g[ la desip' vransv

ckat;'. is pvrforma~ce cssrves. Tley are ssw.th,,

af*toxic. Lacr~asa13g 1 with so tziyVtint azmsali..,

so r&WAhkble points 0ý07* bit CIkA&"$ In peff*T3- S
ca" com fr~a sauall, chaages la levels of basic

Wbile tbere sare polztz v~are? tkese v*611.1ty

Mjro~q~astq on then ire~s in conflict sadA roqgirt

c=Vro*Ax* -- tie larp goar re~quired fo? soft- I

gr*uad ".'esttoR Yvenuis th. light giav rsqnIr*d foir
kith rtmak tUraim sp**4s, s" the l.~gtk dusirahiA
for Rmam feasUtov =4 ths site rejaiZmd for Iw

lo.-iags wersms agilityr for obstacle sveld"Aaco, fir
ozarple -- they &re, b-y eas- large, renarkably
c~es~tible,. Tho cwmprotis*s dvamAde ora, (.asibie,

-AV
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P"Mud Pq%'foaM&ci*' it 1z i.&str~ae-tiv to *zanize
*". p~wt~v"u a4disg of vavtcz tnwo e1 cwr'uat
wsbic~as. Plba(.i loa4ixg 'WA), 46fia." ta tEM

of ft ~a 1440At SX4- Its evovsll ~idltk,
aesvawsaW rwprozent the %"iumza V= foaai~Zlo in
6 $1" wwe ibcle if its total V1Mf*.v area CMIn

be %%111s*d fr glorda cmtl't. lp"~w 1 %4
WpPMAs1xto ;Mrrn tot (WIA) ""us~ MV f4~1 vsts'Mt4

pfti'4c. I& a roklt1. t-pl-vs 3zus.t&:& ibe
%"eai t"e data hrum tvtrah Uke Se~ra Caw" 1

an~ drwv.tA 8"~ &9VRS.a*bdy V*21 fit by as qw%14
e' tkU f

W/A H
SwtrIA 4t C98M. great. Velest of n'"AT

Hi~ia37ti~c4 "Icloa ed 8auko 9.2?71

A41 I~q drive xlltwT~t tiucks
Articsl~cted tracked vtbicles

C48rCia~l mrab boggise91

DM, sisfittila th. xm carve to he ,'wcmfi to
Permit * directs it iseact,, co~erison,

nwercradt ago .

Froum Owse figues it Is qivtbt that, for
a gives Crw@ vo'nicla *isght, tN. difftrcs" ix

' rMf~ or tt twtesIilg

W14 to P44104 late I". elat.3e a the *16
also bosomes gueasto thas would besr It SWq were

aeo!lsi up goew flsj1ip. * t Ractue v VIVO is $%aso
that *e 0,701. ratio at Sao 1*2.veumISOR-0 load*

be ~ev ~n Sual1Ier sma.

li4z

3 yb,;
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pleaform losdisg between a relatively cow"Ittiesai .
lookiatg veicle, cad reasoeably proctical bigh
motilit'v in&ciaes Is of th* trier of emly two.
put a..aother way. tho overgall AiSCRAMSa #f tho
lattsr ae falesxeiallr 40 p~ftomt jaror forto
so GOT. YUe figmsi also1 ivemtrtot tuat we

cOTTIat probl~a with bevwrraft as *ff-read

(or erve c-oa"ea) vehicles ei may reassable,
1"Ad car-ryag cap,;city is 4oearI t-kt their
linear plasferm dinsasloss oust 6. of theo .rdet
of twe to tkr** tines thiese of the familisr
gIrmA-crawlers thwor night rtplaco.

Of course, = grousAdcrawlers, tAk *stir*

plaaftow area eaz2iet ta practicit b. utilized for

*owtzl grvad contact as firm surfaces (as used

difficult in practical sac-hIz~ so fto tillse,
maer 0%ma ot-7-haif of 01is oers, mAan me mt co-L.
Youtimsal off-road vehicles lit Is far less.
Ieugh figurui for samrgI classes of existin~g
vehicl, are a* follows:

aemizal comt~et mite

Tuska med An* .1-4
-LW CrSd PreSSIRe 3

Off-read tr.k~s

Armrd Can:

4f4



IIl
The:~at~ed ~ICG1*S&Aib44d iuluC~45 t0s small

Na',iell suakag trsctors Ptobi&-XoK4weli XfS. Co., Ltd., !1641. I
Thus, th. u;)pvr valais Eiv-sit ;ratty well mrozosstS4
"azaxi- prectital TsziUOs for tracked vvhicle*s. A
!Practical u~pe~r utillisatlo hlnt lrm whasod
vvklclas, ýhith ha~s not bheirv ""a.prshe
to Nvrrhsv-s'(* by zhe YVEA 1Qz1O test i's v1
Tstf"-Tlyv, whiclk uaaages t* coavert &early SO1
"prc~mt oi its p1.rfom' area. t-) acnix4 ccat~tt
arw&. CVXA, laJ

Tb. 1vrportancs c( tkese latter figrures Is
maderscoad by the fehloviag a ramilat* realvsj
IS N1JQ' WkIC1 hgy, lp*** jOd..jrAe4 from Actimla:id
arp~rience #rmd/or staties to be aoeeosar-, to
ctsure sdequsatt porforasace of trek-a veh.iclesj
in s aa~iiag of difficul1t, weik terrai":

Floatil~j Wan-h 0.S.1.0 psi (N"'ttall Ot al., 19S4;I

11ROWN ý.-. psi [Thowsm asid V11%ou, 11S41
Glacial Arctic 1

Iaw -S psi (M4ellor, 19631
ftskv% 141 psi j11DWeid' l1;611
Karshland 2.4' ý.$ PSI lCikt~OT 1963J .
Xorth Gomma

plain~s a psi Ituffeiasaa m." Erasks, 196s)

T'he lo-v'r figt.res pr~evally apply to %a~lltr
vikicles (1-2? G.11); the hither fitnrers to larrer
ox* I e kms (20-50T GVV); rei1.ctliag a Teaers1l pattsor 1
Im mot ustur*l roak terrmius of intcreasing ~I 3

* Bt?',gtk of th gurfacs vAtariaj. at a givus spot
vith depth. This is a "scale offect" 'iticb

* I I!TS



l2Tgcr wekicets say exploit it, as to ordL84ri17I i
tke I&Ozhy Ca.a ttletato jproC.rt~osSt&; 1age

Ths sew9rel rvwlh 1i!jutSi givie clocvly

lEJw.3rovi2d prelsur. vei~ of a givin patternI

tiast bt phiv~i~caly larler thaz kig'i~r pr~ss'ure

vehiclet for the saA* 4*b. T)h're ire tw alten.- 1 *
tives, *eich offerial ia practice #sly 1I Wt#4
relief. Firsit. the pattern of the veskicle may boo
ckasv-C~, az fros a -staea~r4- ailitary styl*
of tracked vehicle to a "!ow growa,4 pressure I

cniuatio (hvo 1; es 1= th* bull

vehicle say bo 7viimec.d by r*dainlg eit~r

Its tar* velght asA/or its parl..4. (Tbe latterq
may Smnietim be PO~Sibl If Its Psyloed is I

oc.kimery - - a drill ?it. a we~bpts Iyitems etc.

whch~ cas be specified functionallyv rather than

a~zpy as 60&ed 1044.)

5 0

1 ?6

tS



T% boti Cbv

Is ectvsi practice. rei~tht reductivea cia 8109togt

th* kesio situstivA, it is ertd~at tvat tvvery

effort wsut b*e m4A@ to rve-hac v,%icle (sad. i

ptosible, -psyloaC) wv~i$h vhers (osiblbe. TNi s

prebios is clearly rvcopited by militarr v~ikcle

spoci.liers &~ad Aosimaers. Is recsot Y~ar* e

tkr'.-p~gdarpris~ci has bm&er takes: first. to

vmjtu**r c~at develop lightweigh~t comp.atsi;
sacesd, to ex-oloro thwe busigkt roiductiev possibilities
of --5v *at-trials *ad cotstruct tou itkoift is

complete "Idea" vehicles: &ad thirvi. simply to

Orfeify lightveavght Vehicles.

The cospesat work has boan cos4kactod vitkin

the costoat of awato"Otive P-04ctlos costs of tke3

order of 31/lb 9! empty vahicle veof&t, cwtrestaid
toe 130-64/lb for belicopters (Kioger azd labts, 19391,
lot example. An a ehiflit, &D*s w~igft sAviop I
coly have oftoa boom #Wchievd. sad these w~a3*1? j1
at the ezpeae of durability xAd reliability. Th*
pouglalin Is svisliag bark at tke pretest tim. A

w- triock devolopod for ebo 9* task fmaily. ai.Lav

at deskijag the currvat track life of about 2S@4

amolog, will add ow too (I Perctst) to tho MV
of the ~.44 JATAC, 1165.I

waigtt-aiving possibilities of mw cs~structioa
awthod~s *AA asteriuls, vM of careful detailed '

widely 03*4 In the pW* truin. Siuspeasiee,an



Tvftzift t*T Full 6jxtT was t:s. Etlewi

tkroullout of t1W -TL2Jh;1tt gffVCtq .1 w.&J~kt

r-4octtzat. rarfU-iierly ia tlý,c det mad

COOP~r-Ots. "soa~qwl was t~a* Its c'JT43 we I gt

XS4 aor W1~ *!1-1/2-t" b tb. ervv ttoytgý Lt t acor-

Pot2ak' XV1 mil arg b CL&llt [Ps. and I ts 1ko-QA't!

vial'L Zr*.uxzd prttsurv at tross vtagit. om 7.j* x 10

It.)**. was J^ PLSTCSI less. Still mO':V f'#Ctatly

a similar 0:errISI h8S bt*.~ rT-.rte ilk -1h~c

sn(tzeszum VC2*t;tvl used is tho hall2 aai C"l
of ;j swmm 6r4, test tbc. Theo woigt *f these
coownqnts was reduced to eCilV : porcast of th*

4 Sam Items va Ohe ((uo!!y *-ablbious) XXl47EZ 6z6

Ss'p'.r-tck (19SI). Daipito incgrperatiag a mubo

of other *rp,.rim~act inrmovativas, rot all of which

:geconsistent with mi~ltmasW~tthM this a"Chi3w,

lSeithor tho IHoseyb*ar nor the sagmesiva tost

b*A KOS put thtoiugh the vrim~r of fiold service,

which wou1.~i undoubtedly resulit li ar soob,..fixg

uzp," and neither wa~s ieslined for the 100 pvrrhis

or more ovirloads at which staadard deaca-3d-a-s

halfs regularly vork. Th017 Wgit~hZS are cornead-

able, Gamotholess.

while Ao ve.hicles of suach Mritarkaly light

weight haw* entered the S~tem, the lacteasiing V" T
of lizMtvight Latartal: ix sili- ry off-rued

1. 7

sha .W.. -
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IW

?WhIICS tte ts hat :tosa oxerdisea arr mot
COMPlately is Vgin. ly1F~ MS. thoUe of SIwM4U

I i~ I't Ia ry Vat fr Veh I cI ba a d c Iimb~ t a6* $'001

tan Ver ytsr. N the high-pro4ucti."~'1 A/C

&zad the ampbbiho'us LARC ~Sz ean L.UC IS's.

ar~rvitvately oam*half Itbe vethicle voiijbt to

altm~iquo JA~tedeit vo~ tdLS~ I Do*c 174SI.

Tb. tiilv apprenh Aeas mot prmsenat as
favorshle &A aspect. Tha ise. of ejovifor 4t

llotvvight vehicle is met mvw. The Qtilihsl

K~C for a jep for exa~mple, called for a cyarb

tbeltt of 1Opowods *ad a G%'V of 1900 Pm'asds.
while tM. sacce~isful WWII mAchie oat Ot other

**A of the pipe had a curt weight of 2170 po.ats,

a CYW of 2~97 pqmndz. Hoewver, it has a particu-

lrlty pgaricious effect Is tho Frvsost cciutzt for

It th. rM.nxng teat. pwevo Pl&an: fraom, etc.,

ane desigmod for a& muroslistic target £'YW, they

will all wini up overloided in the fizal mac~kiae.

la recent years, requests for popoisals have*
eaceuregiod this kiad of bad derign by sp'ecifyisg

(or someints riesiristj7 low Mazium cvib weightsj

(often payioum4-to-cvii weight rattas of meu) vhA-,bj
were clearly ontside present strtrightforward tuto-t
astive techmology (af. ROWD 60-3l, 1940; KED

62-22, 19021. Those b.tves rho take 3ech reqaire-

mmts sortou-sly are forced to &&ke rz4lical.

expensive, &ad/or a~arent ly zsarcspossive pro-

posals, while otbers tot the work. Whom delivered

weights e3rceed specifications by 30 percenat, 10 4
perceant. 9r more, with ceesoeqwme merloeeiag of

"a 2, 4, the pwune traim, etc., tke coetracter
w be ckided for 'set fsacag vp to kis raspumati-

kilities Is deciding arm the feasikilit7 of

tw~~ical proposd~z inhsdirtooas

279



but no as* is firo8ad a.A so s loate "- *mor

ýmt t~e. 'eIgp~tt beint 3S pot~ 4oqvevigkt'

CM-- 'taste at Fort xaoz siovwd the M211

6-tt* 4xt QUE -- 'was able to Umet specitI64

PerfurSRC* amd movility requirwmats"tEfAC

Voight-grawth for vwvvirsl c-urrw-st vebUcles,

as recmatructed fros p~ublshed reports. is

p 'vle wth varking vehicle ouglixoors indilcate

that somes pzrt of the gripth Is saziibmtmst' to

the actlea of var-to=z cotSaittg~s whicl c~atianae1y

stery Th*prablou of mrvares1stic voigbt p

field., bet is all* fom nd LaNVy vvhiclat sac-k as

tbo LCA (of. Pit 5:9-331, l1S9; XvwhIPSr 941$

La Ube presumbly, weight conscioqs aircraft sadustrIF

Jet. SAME. 194J, wikerE caeyfulMsmtIagb si

matiom has t.*om shwa to be accurate to

aproximately !.4 percent P4'vr, 1S96SI. The

latest v'Iacraicatice is the MIDl Nary version

of tree coatrwrrsial T71, wtich by r4-~4was

wore tha" 22 prcwiz Wro 46-11a Omm)i sioi 3 t

(WellSt reet iournal, 5 Avg 1964). Figurs 9 hw

etMr, arlier awy &rcreft experiUce s

"*. a *8a of car S tA reselts fromwtvly

qptlwdsttc woitkt PTOWOS&U~ substitted isam~
atu pere of fierce toWetitlem. It mwy asoe be

s*a49 that tko desirwd ckarwtoriatics ca~led for
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In thie Tr"' S-').Cif1CAtiM3~ Werv LUtrialis1c"

19*ok, 1264). Apprehtt1 1 04 12 the 011ittAr-

king is *tied is a $Ora 10*6..

,.f/iiCe rE SaY Xh.t the probles to zvrious,
pert icuiaIr in ralsation to d~ui~a for la2#rove4
off-rosd peorforman~ce. Its ioluttlali~es in

doev~sloping clasr lines of respo~s~bi ait, in
puttiag spvciflcatieos is purely t=Ctioaoi torus
inSoiar &Zs po$s1ýpls, sAd leaVing the Weight,
diesutsloes, power, etc. (sai sowtiWO cos t ,,

waecaetry to do the job up to the rehicle 9aglizer,
and to reducing oppertwsi:1e, for coSittes

At a Lovdetailed leeIvill take bte
Weight coa*Tol ensisxe9'1ag. This will cost

A viable rei;,t control p~rogram for eff-roa"

V*hicles mist include devvalomaat of sultiparmsetor
estimat~ing procedures such as described for air-
craft by Ma"y fl;,uSj S.iad tagizoitring sad
historical &ate~rvliatimaokips "&t be doValope

býstvovs cCWMGouoa:wirts, lost&, or""d,
dilwasion, costs,~ etc. 34ugh astietial Lirevie'

ars u~sed by everyaa (3-4 lip/hp for geselia. S
caglases 1-1 lbP*4 for San tubiaess etic.) but
what to zosede is owte pricsison 4&4 aa zzcotutixg 1
for the cross Inflwar-es, As ra *zaamilo of U1.
latter, Artizi= sad Terry have shbm :ts, In a

tally ratliwaliwt amowsbL1* dosip, the 4.dltlem I

15goZ1.
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The Vei &kt *f.4 eg rf P'b11t lt

It to oftc- n~ot r*2alICA4 thot a44Itic~aa OWf*
maed xobility rvruireswxt v1IIi at th* presest
juric'ture. !begin by sddin# to the tare vvig~t of a
vethicis for a tirve f~ct1t=. C~'t;i'd*r basic tiref
VOgights, as as Oza~ar1o.

Yogression axelysis of publish*4 4&ts an Lh4
v'eight of a Puaxbr of off-road tires for Yar-im

aerv'.cua [Goodyear. 1A**'j leadi te th* fallovlitsg
simpleo eq,.tias fa? O'e weight (Nt) of a single
tire of more-or-loaa coat'.stiomal form and 1

cas~triactica:

U &XIMaa rtotd load is P'AMAS
anthe tire at It desiymed

Inflation prv..rre. If hl~va-v
o*erstias to 1'nciudei, th 1*&41
(42d, 1 licitly, the tuglatiso
Pressure) for thip xoryica is
useed.

axuseflected tire azcttoa
width (Ia.)V

4 a waef lacted tire ouitside di- 14
ameter (in.)

dy. & riA diameter. in.

Yalta$ f 11 and 91 VS sonsubat for Verical typos,

Highway W11aage lvead, stsadari 0.001S 1t

Bxt* Sell0.0#17 1
Off-104 Cruder 6.0414 20

larkuver0.11114

locksae Tra 9.001 '1S

*r t.xt Pao;

.,wasi

.- t.~A~tX ~Y~- .* . .%



'&abiag allyt taipta mtt4 !.~e add4 £)prOAL-

tivv17 gtrot , Gzgi~aIr: that the fTet ef %bg

squat! ca Is a nt entl rt~y rt vroipr!. tt ?2p tk@30

extrtz. %tp*9 - whiel It not. ai~'?o, zIfl4- T !W
*084t£..ts(% 3 4T5P2"Yidt roc..hgisl &at~t'e.CICe.I

The 6egres of fit trpi1c4 for tk* morw-ot lass

stsa4ar~d tirv types is illustrated is, IQ~rel, "iict

-cars actual versus commuttd rvitts fof gradcr tires

(*ediL= dirtctictiti. chevronu tfead), sand t.eand t;.s
macrdirectiobal cross-countr-7 tread silitarv tires,

eachl coverrir a wide rantse of loads Lad d1saftsIOMB.

Wkilo the S1:1tsted tire wvijit "08a?204 is UM

doubtedly inexact, tire builoirg is itzolf s-z

iftxact science. So=e of the points which' appear

to be iýad in the carrvlatio= diagrsam are, on

eatajiatioa of the basic data, cb'rimsly out of

haw with other tires for nominaely the 2ame ser-

vice, quite a-part fr-oz this porticular mrcgrssion.

Proquvntly they are tiris for w~ich there ia roh-
tively little call; usually they are hcavier thai
calculated.

These few tires wkick are substantially I
lighter thas coapated are Tomerslly the p~opular

sites anad tylms is vhick tkors is cansid*re.ýlc

price coX.WetitiL--, The wigot -- &"~ hance cost
sove';;5 whichi cui be &ad* under th:is prvs~ivr.

arc illu~strated by recent tovernownt experience.

It wes rvpc-.ted in 196S that over three sluccessive

tire to the idostical sipeciflcartli, unit tireI

Vmig~atS fell from 13C PGsd3 to 11-2 Po'tds TO 13-3

p*=ls, a totml of 24 percent, &;Pj)-*fatlT du4

_ _ _ _ _ __ _ _ _ __ _ L i

I" -A
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printrtly to r-edu-ttios iq u.d4r-tresd rubbor.
Alt•"Ouh the lg!hter tires proved difficult to

recap, all versions perforv*d satisfectortil on the

vehicles.

IOTs Whtle the approzilste *e,%etio* Gbove
tepliettly &vevoves Isflatlo 'tpressure (I. pal)
as4 tie coustruetios (is toer of ply-rota4 --
PP -- :or exsaple). the spoeifle rolatiemahip
beteema these variables is also of lateroeto

',f
Vkeroe r a 25-0, over &tes aot 3k.

It to reported that to eurreat oearthever tire

practice f e 26, is4tcatiag that a tire Oa the

stroag, atift side to desired or requirtd.

Meglecties the constant Ca is the tire weight
equatio, 'rhich is relatively sell for the site sMd type of
tires of interest, equatais (1) way be reshuffled

tc show tire wetiht as a froctiou *f total weight
carried and as a function of nealaal umit X.9d
pressure (MUGP as def!ned earlisr):Vt-- [ (2)

From this, two tbW.;s are readily apparent. First,
"the weight of a tire to carry a gives load iscreoses
proportionately aS H•UP is decreased; a"d secind,
the relative weight of a tire to achieve a given
gAound pressure tacreaseo as the sqeuare root of the

load to be carried by the tire. Weights of w)'oelse
and axles, of course, also increase with tire
dimensions.

Flash1y, €cosider the effects, upon tire
r"ight only (i.e., neglecting axle sad powr traia

treads, which may rM counter), of the situber (a)
o. tires used to carry & gives total :oad (V).

S*stituttia (V/a) for V1 in equation (2):
*'eyo velit st etadard steel VbeelS oem a 98euetie-

tired military vohiele to goeeraIlly Lee thas a pereest
of @7W (3 044 C 0. 0 1L9 .87.

137



This Indica.es that tVi total veight of tirea

(e6l1) to carry a yveon total lad 41 6 *(eu IUC?

decrsaseo.asche number of tires used (for which

read axlte) increases. Thus t*a veight of tilres

on a 4i4 would !. 40 percert greater thaa that ce

an 1xl of the sa gross weight, and having the

sime NUG7. Coaversely, the Ixl wight have a NUGC

40 percent Iess tkan the 4x4 for the saom weight

of tires.

SOme data on the weights of tracks fATAC.

196SI and of slusinu.t road wheels for tracked vehicles

(taulkner, 1762) are plotted is Figure 11.

Figure Ila shows that for 8 Wide range of tracked

vehicles, track weight alone runs from $-IS [oer

cent of gross vehicle veigLt. The higher figures

asst, nt unexpectedly, associated with low ground

pressure vehicles, ranging from the Vessel (Z psi.

SOCO lb. GYW) to the JUS[-OX (3 psi, 100,000 lb.

Figure lib presents the data in another form.

The curvv drawn illustrates the relatioiuship

* 0.04 (GW) 1

(Kit/tI - track weight per foot of leagth) which

follows the trend of the data plotted, and to

tenerally of the form which would be expected from

geometric considerations. Tracks on four, low

ground pressure articulated vehicles are incluiod

it the plot, .ad two. in an important sense, "beat
the rule." However, experience has show that

track and suspension elements for properly designed

twe-unit articulated vehiclcs need be sized

structuraely accerding to the weight of a single

11r

+ I
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mnit rather than the c','v o( che cvmqete veaLcie
(hCh is &.a rvIAte8). 1'e% this La taken Into
ogttns.eration (as sswowa. by replottibh the "i.Lt

trsrk weilg.ts of the artlcdj.ied veicles at oat o-
half t'eir •VW), 1" is evident ttat tl.e !w groud

pressure tracks again tend to ke heavier temn

aureal width tracks. Ta* calf exceptios Is the
special duty 3e-inach bad track with forged
aluainum grousers, used on the Mark It Polecat
[JaM~lose in Daesfs gfot0%oPeqi*. K"y, 1961).

The overa.ll effect upon tracket vehicle w-ight

of increased soft-soil mobility reqvirements (in
terms of uiICP) Is sutgiated In Figure U?. This
figure illustrates a tracked vehicle d•oslp
relationship derivvd empirically from coasideration
of four conventional tracked, low ground pressure,

floating cargo vehicles, the Weasel, the Otter.
the X1I6, and the X'$48EI. It shows a peeikbLe
rtlationship betveen payload-tu-curb weight ratic
(Pfie), payload, and lcJ(:P. While this is simply

a rngresgton on historical data and, as a matter
of fact, may or may not be trw, it demonstrates

the probable for. of the relationship amonm the;*
variables. If it Is iade.d accurate, it shows
that specifying the 'aagic" value of P/Wf q I
is particularly ridiculouss for. this class of
machine at low payloads and low motsial unit

ground pressures. Considerably more, and more
detailed, more accurat,, relationships of this kiad

oeed to be developed to aid in understandiag the
iaterrelationships between desired features aud
to encourao realistic eoqmCtatiesa.

The mossare is m~etbeless clear. Ome of the
intrinsic costs of increased mobility reqiirements

Is larger and keerpe( vehicles to carry a gives
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101. Wille thil has been Illustra'e#J -rtnarlly

is rolattos to soft-sell obtl.'v. J! is 2l1e t"ie-

r3 of otl'er aspects, icrteased s*#eed in ri.q% terrain

ttJitres IncresaeJ w'eel travel at least (;susl.

a bigetr machin. is scue respett) and incr'as*d

tu*nE tear rvgCt~liess f~ore weight akd/:r ,re t

cost for fasivir destIg, oetter sterlials. etc.J,,

Theo aJditional evttht rer to of mere mobile

vehicle coifituratioas ceoti hard cash at :-rcikse

time -- 11.00 to $1.$0 ,,i- ,uvd JJmes and Let:.

1963; Otorkiewicz. 126B,ý4,65(. Curreft oviises

"eWuipent manufacturer prices for prod.6ctioa off-

hightiay tires range from about S2.6S to SL.:0 Cr pr

pound. The lcvest prices are for popular. *ad hence

cowpetitive, types in the middle size range. 4-':e

special cataloged tires may cost as aic.a as S1.6 rer

pru4d. (FeJeral taxes, a functiom of the amount of

4 rubber Is the tire. rum about $0.13 rer "usd of total

tire weight.) Military tracks botuwit a quantitf

ratne from $0.40 to 10.10 per pownd for link tV"-

tracks to SZ.00 to SZ.O per pauad for han4 tr'-po

tra:ks as generally used on lower grounid vressur,* *
• i vehicles. A"e, of ccurse. the direct increaqe in

runming gear weights and costs is olNV the

beg innirng.

As as eostole of the total impact, co'irt:it

two otherwise ccmparable tracked vehicles (wieb

sviaming ability), each to carry a S-toR payload.

.iae at 10 psi M'C.P, the other at I r-s9. waking

the large assumption totat the curves cf Fisuve 12

are basically valid, the first vehic•e would veilgh

14.000 pounds, the seco"d 24i000 pounds. As a 5
first estimate. the cost of the ultra-low ground

pressure machine wcwld accordingly be 70 percent

greater than the hither ground pressure vehiclee.
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The alternative c.( -.tnt to aircraft ti,'e of "

naterials, aspr-cesse, aI J qJsiIty ccntr,). ca.a

be seriously c~nsi-.e-el. Lyen aisuat-Z th3t sih
an a~proach wotvii ,ej'ce t-e tAre wei 7.ht cf týre
S-to- payload v wround iressure veMhile to S trns

(the "nixic" ratio of payload/curb weight ratio of

on*), the cost per poundi (at aircraft pvices) would

rise by a factor of In or more, resultin; in a not
increu3e in ve!hicle fi-..:-cost by a factor of at

least 4. Eyen the relativelv modest increase in
per pound cost of the JL561 l-l/r4-ton bx6 (by ATAC

out of Gana Goat) over figures for 'zuc1, hilh

production items as the standard Z-1/2-tf~a 6x6
truck, 13 causing scme onsternation i4atson, !ý56)
despite its perforzance 13orris, l.'4). and cheaper

alternacives such as the M4705 nonswimuing 4x4 are
already under study (MIorrison. 196S].
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Competi.& most strenuouily in the designi ci -

pro-ise arena with the dictates of off-road perform-

ance are the requirements foar rlisbility and main
tair-ability. The ccmpetition is on three levels:

weiS1t &,.d space, dollar cost, and lead tene.
4 lReli.bility is, of course, a prime factor in lny

consideration of vehicle effectiveness. A vehicle

which cannot move because of a mech.anical failu;e

is fully as imsobil.:ed as one which cannot go
because it is up t: its igni:ion switch in mud,

perhaps more so. For this reason, there has from

time to time been a tendency to lump reliability
and nobility, and many development projects in the

past, justified on the basis of their potential
contribution to "mobility," were in fact concerned

with reliability, particularly on odd years when
"nobility" has been the temporary key to the

cashbox.

There is no question but that the reliability
and maintainability of military equipment is a *

0 41 problem of overwhelming izportance. Just prior to
the buildup in Vietnam, one-third of the defense
budiet was chargeable to maintenance [Teal, 1965).
In the reliability-minded world of aircraft, nearly

one-half of all peacetime aircraft losses (in or
*1 out of the services) involve equipment failures.

Losses of rzval aircraft from 1958-1963 killed

trained operating personnel numbering approximately
10 percent of the output of the service schools

iI
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1-1 V-.8 stmesz• •: =a--""nanace co)sts cn. t:,*

aircraft over t sisx S-year reriod were Ici tiaes

4 their original acg•isiticn cost [Vcutinho, ,3;4].

Army v,hizle raintonance costs are relstiveif

less thzn departmenzwide or aircraft fiiures s-;h !

as these, but this proDa:iy reflects, in part at

least, the such lower relative peaceti:e utilization

which is made of the wore erpensive vahicles such As

tanks, which worldwlde-accunulate something of the

order of only 100 miles or 11 hours of operation

per zcnth. They are nonetheless £oraidabie.

D!rec' parts replacement costs alone for t:e well-

developed '60 Battle Tink, for exsrple, are of t}.e

order of $3.751lile, of which, incidentally, over

£2.O/2ile is for track replacenent only. df the

M06 tanks were operated only the 50 itours per month

for which Aray helicopters were reported 73 per ce::t

available three years ago [(Congr•a•sinal Roord,

6 Nov 1963], direct parts costs per yatr avuld be

a&out 1, percent of first cost, and total main- 5

tenance costs, inclulin; persornel, shirping. shop

costs, etc., w-uld be perhaps 40 percent of the

first cost per yvar. This is below quoted aircraft

and avionics levels, but does approach their

remarkable ball park.

In 1962, new targets for the reliability :rd

maintainability of (then) future Aray wheeled

tactical and tracked vehicles were establishpd

(MIL-STD-IZZ$, 196Z). In essence these called for

the following, which are compared to conte--?orary

experience in efficient, commercial, cn-road

fleet operations (F?:et C.Cue, Oct 12o3J.

19S

j_ _ _ ______



'1jAnr over- ¶ ln-lr- v-rr
i|u:lll i'ter;.s1 h'ur of o:.rr.vtU n

"i ta rv (19h trr t)

hS,OOr 9,. m.i.
; r;•€),.dS f ,ino -n .fl

('-%mrercial (190lh expcti-ncc')

L.one-hail huiset
and trucks 150.1o00 mi.

f(Oerail comnercial maintenance costs for t'ce. •i-,

"vehicle% w'ere S-Rt per mile.;
S

Differences in o-.erbaul rrtoks arc in ra-t -":c
to off-road operation, rart to the military envirencrnt.

t1iffercnccs in maintenalnce manhour' aprrer tin-enliitic.
'ainten.nce costs or proneriv tcirTc,'I nff-rro.i,! t:r.cks

operating in Arabia %ere rcported [%- Kcrr tr 1-c tuice

those frr comparahle on-road equipment Pni operations

;19Sb|. Outralt operatinv costs cr commercial bhc- and

trucks in Africa have teen rceported to more than %iuublc

when operations were on unimnrovcd earth roads rat1hr

than good sur.faced roads ["Illard arnd nonna v. l!t,I.

AT the 1t6S American Ordnance Association -¶c'n<ine

at Rock Island Arsenal, It was reported that sufficient

progress has heen made on the durability program that
new targets for overhaul interv.Is uere tinder consid,.r-

ation. P
The arproa, h taken t2 improve maintain.mSitv

has been on a broad front. Frequency or prevei,,ive
"maintenance has been reduced, both by better design

and by rethinking earlier procedures. Self-

checking features have heen designed into new

components, system check-out analyzers have been
deOVloped. and use of unit replacement or nlut-in

module desitn has been stepped up. On the

19I ~196 I
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orFApJ1iatio0u1 side, maintenance .. nprwer a.nd

talent have been rcorganized fot Preater effective-

ness, "readiness irdices" have becn develore'J wvich,
as one function, serve to check repularly on the =azn*-

tensioce effectiveness of individual oversting i tits.
and more efficient parts record k.eplne (TAEPS) and

maintenance management analysis procedures (TAYM4S)
have been set up. Finally, a design trairaing
program has bren put in operation which aimis at
starting maintenance improvement at the drawing

board [Dreaketi-ld, 11)6;!.

The Army durahblity-reliabillity-maintenzlae
program has been plagued by the same sort of basic
difficulties with quantification and lack of"

testable specifications as have beset the search
for improved mobility. !Ioreover, the drive fmr
improvement has been concurrent with pressu-'es for
new, lighter, more complex and less expensire
machines and components. In 1963, two Army
Regulations were issued to begin the quantific::zcn
process in which the probabilistic nature of both
problems was clearly reco;nized, Reliability was
defined as the probability that materiel and equip-
ont will perform their inLended function for a

specified period under stated conditions [AR 70!-ZS,
19631; maintainability, as the probability that
retquired maintenance will be rcconplished within a
spe ifled maintenance environment [AR 705-26, 1263).
Both features are to be :pecified in terms of
minimum acceptable levels "quantitatively expressed
with respect to environment and mission ccditlons."
In each case a test plan is called for, to be a
part of each new development, setting forth test
spkeifications, ground rules, and statistical
methods to be used in evaluating test results in

relation to the specifications.
197



At the weight .3nd space level, &nd the cost

level, the .-ti-.:. -twen. n ,bility and

reliability and maintenzncu requirements is, for

the most. part evid,.nt. Foe inproved mobility, all

components should be light, often smll. On the

other hand, the easiest way to irtprove their

reliability is generally to '"beef them up."

Alternatively, light weight and reliability may be

achieved to sowe extent tngether if design,

materials, processes and quality control, and costs

are raised to aircraft levels. In other r -ses.

mobility features cay indicate the destrsE 'tty of

some inctased complexity, such as suspension

element!, -0- a characteristics may be adjusted

while unr'-r way [ATAC, 196S], variable track

* igeometry [Stewart, 19SS], locking differentials
(Ansdale, 19631, central tire inflation control

[Stephens, 1944; Ageikan, 19601, etc. In every
case, there is conflict not only with reliability

and maintai.nability, but with weight and space as

well, and, as always, cost. It is interesting to

speculatr on how mobile modern aircraft would have

been if the aircraft industry had refused to give

up the biplane, retract landing gear, or use ving

flaps, because these steps were (each in its time)

conplicated and costly.

On a slightly suttler but perhaps more iA-

portant level, the quest for reliability has a pro-

found effect upon the rate of progress towards greater

mobility. A comp.lete operating vehicle is a system

of components. In order to-achieve reliability in
the vehicle, each of its components must be

reliable. In fact, each of tts major components

nust be significantly more reliable then the level

It



of r.-Iiability d6.sired of the whole. Off-road

military vehicles 3re not simply draftees from

conercc, with a coat of o.d. paint, however =uch

the resemblance may seen in some instances

[Bischoff, 19651, and most of their components are
nec-ssaril7 special in many ways. The more
iumortant couponents -- engine. steerinq trans-

mission, track, etc. -- r'ay be quite unlike anything
available in civikian commerce.

Accordingl'., progress in vehicle development
must be preceded by the devclooment of suitable,

reliasle compone..t-. This relationship is stronq.

tynde has ptointed out 0dit it is generally possible

to predict the main cha.acteristics of vehicles four
.to six years in the future from a look at current

coLponent developments (19591. While U. S. A.,v ,.3*-
porent work is largely carried cut without refe'-ce
to a specific detailed vehicle design, it t-;,', t

reflect the status quo in vehicle -hole;7, ~nd
hence tends to impose that morpfto'oýy upon vehicles

yet unborn.

In relation to maj " i'ses~nt, ia greus.A
nobility, ehfch will re•.ke .&.djir qn--..,log'-al
changes, such component ,.tvelopuent can actuaily
be a drawback. It tends C,) t- a choice between

a vehicle changed only i' dstif in the directiorms
needed, but made tip of w!"' aeveloped comporents.,

and another of A proper*, "adicl-ly different
form, but loaded with nec.ssari-. new and untried

components. Not long tg% thi: Ailemua wee
theoretical only. However. in recent months tViwre

199



has been a discrrible disenchantment with such xodest
innovation% as the LMU41El and the C;ame Cost

l!i;.r_-• X14561, in part hectare of potent-ial and/or d

r actual unsolved reliabilley and Paintainzbility

problems* which are in turs traceable in souo

measure to their having leapfrogged the components

program to sOPe extent.

: 0
I I

*Alao in part becauie of cost and becsuae,
due to poor translation of t*:e ,r1ginl attractive
Sol•y117 ecaeopts [1Tbakctaai. 1963). to weigbt
increases, ••e. LAXC TIR 11-1-2a19. 190).. perforsa.ce

"aes mot come up to expectations.
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VhPeIs vs. Tracks

Despite the rmany inrenious device, which have

been proposed through the years, including all tha

recent work on moon vehicles, desiFn of a practic.1,

working, grolund-crawlilng -achine early resolves

itself into the selection of wheels or tracks of

toma sort for its running gear. The question of

wheels versus tracks is a perennial exercise.

TheTle is no general answevr each situation must be
considered separately. Unfortunately xn the
present military, design system, the design choice is S

frequently made dircCtly in the vehicle specifi-

cations, prior to a proper detailed performance

analysis.

There is general agreement that the principal

reason for using tracks instead of wheels is to

obtain improved cross-country performance,
primarily in operations in i:ek., fine grained
soils. and secondarily for obstacle negotiation (of. Uass

19S8; Lucas, 1961; Freitag and Janost, 1963; Uffelciann,

1963; Swamp Fox II, 1964; Little, 1964; Depkin. 1964].

It is also generally known that tracks are more

expensive to buy, to c--rate, and to maintain than

tires, and that tracked vehicles are more trouble-

some on the road.

4 Where a vehicle's off-road operationa will be

largely in sandy soils, ss in oil field work in

Arabia and Libya, the job can b: done on low

pressure tlres and, unless combat considerations

dictata otherwise, is best ione on tires [Kerr,

1950, 1955, 19S6]. On the other hand, tracks

appear necessary for flexible operation in snow

* terrains [of. Kennedy, 1965] and desirable where

slippery soils and slopes conjoin [Swamp Fox II,

* 194], and Lre universally used on the heavier

20
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gun c(rrierT ,ýucn as "2nks sa. self-pT:e11.d
artillcry beca..!e they can achieve a 1'c'l level of

~T.-LuntV ý,erfor~*nce %n a ccninTaas bI(

is '.ore cc-T.act and less vulnerable to 2,jnf ire

thia. a %ýeeled rachine of equivalent rerfor-ar-ce.

The ;.•reans have develored a number of sccesitul

arnor-d C3Tr in lizhter eiF.ht clasies which have 0

Teasc.cable )ff-road wobility except in weak soils

(Ogorkiewicz, 1961]. U. S. military e"., hasis for

Lu5•arable cc.oi vehicles, on the other hand, has

been upon tracked vehicles such as the M4113.

Despite tne .urrent p.inic to obtain arm-ored cars

for use in Vietnam I-,*. Arwor, Jzn-Feb 13661 --
essentially rcr r,'ad ratrol work -- they are not

cc..si'ered ,-jitatle fer 7.eneral combat use cver
t.•er" (cf. flatt.r-a, 1966; ,'oore, 19661.

Ovcr t•,e year%. attempts have been made to recon-

ciie the off-rad advantates of tracked vehicles in
ext-eme ccnditicns Vit% the on-road efficiency and

reliability of wheeled vehiclý- through the combination

of t*..e tCo on a -single vehicle in sc,%e convertible
,%sh1 m 1.'f. t.e Lefebvre tractor described by Legros.

9191. Oes.-ite ,he fact that Christie is revered for
his i•troduction of large-wheeled tr:ck suspensions [of.

Carlisle, 1964; Ciecavelli, 1.6S), what he vas in
fact trying to sell to the U. S. Army was a vehicle

whose ipo7tarht feature was that it could cpers:e
as a tracked vehicle oif-road and, with the tracks

quickly removed, as a wheeled vehicle on-road.

Army interest was initially great -- VVI tracks had

a life of only 90 miles or so -- but eventually

foundered upon uwchanical difficulties of track

life and track installation tim which Chri'tie
never satisfactorily solved ([X1 Item 7S22, 1929).
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Other atte,"'ti at wheel/track hybrids, hetin.
mine in the 1120's. utilized, on lltht vehicles,
retractable %heels bhich stowed during off-road
operation within t.e tr3ck enVeloPe [cf. 1leirl,
19%6, 19 7: ilacker, et al., 173S). The moqt recent
machine on tVis raetern is the .Swiss .10C.20. 3
3-'on scout machine :!arnier. 1965J. Still ,,t',Cr

approach to hybridizttion is represented byr the
hslf-track Vehicles of vKli [TM 9-2100, 19431.

Perhaps the principal, but not generally
recognized, reason why tracks are Zenerally con-
sidered better for soft-ground operation is that
they can better utilize the vehicle's planfors S

area to develop effective ground contact. As noted
earlier, ordinary tracked vehicles convert 15-S0

percent of their plinfuam area into nominal
ground contact areas whereas converstional off-road
vehicles on tires (the vehicles which everyone
thinks of when they speak of "wheeled vehii:.,
which fit automotive production facilities, and
on which cost and reliability experience ia uased)
convert only 8-12 percent of their planform area
to effective ground contact at@&.

Experience and studies have shown that this
two-to-one advantag* tends to hold even In more
extreme low ground pressure vehicle configurations.
A number of tracked machines (mostly articulated)
hare demonst-ated that 50 percent or sore of the
il-jforu area say, in practice, be sade available
for grotmd contact on tracked vehicles, wbereas
the practical uazimum on wheeled machines is
perhaps 25 percent. Thus, despite the fict that
trafficability studies seen to indicate that for
equal "g-, :0-go" Perforiance in fine trained

soils, theo NUIP of wheeled vehicles may be 0.5-1

- w -.. .. I ..



r-.i rare thin t.at of a cc',ara~le tracked ticle

(see A-•-endix 111), tracied Yedclts maintain a
ccnsidierable potential edve.

Moreover, ezxerience shows further that
wheeled and tracked vYPIcles of the same basic

'ýUCP, in the range of , to I psi where they cier-

lan in practice, will veigh about the same f.r the

same Job. The crude weight anaiyse! which have

been "ade herein for illustrative purposes indi:sate

that, insofar as track-only versus tire-only
weights 3ra concerned, the weight trade-off line

may te approximately as shcwn in Fit-ure 13. 1:%1le
such a curve, to be truly useful, should inc-ucde

many more components. it suPports the general

concept that to achieve low unit ground pressures,
heavier vehicles should be an tracks, and that
vehicles of extremely low ground pressure should
also be on tracks.

An example of a successful, heavy, Icy ground
pre3sure vehicle is the MUSK-OX, which has a G,'t

of SO tons and a NUCP of only 3 psi (.'uttsl1 and

Thomson, 1960). This vehicle is 43 feet long,
10 feet wide, and 10 feet hi2h, and carries 20-30

tons of payload on a deck less than S feet above

the ground. Rough calculations indicate that to
achieve approximately the same soft-soil perfor-4-

ance, a vehicle on pneumatic tiris would hxve to be

60 feet long. 13 foot wie, di,d perhaps IS f3et
high. Its cargo would ride perhaps 7 feet in the

Practical exerples of wheels-versus-tracka in
the extremely low ground pressurv range are the

marsh buggies used for oil exploration work in

Louisiana. Ten to twenty years age, lar-- wsealec i

machines were used, of vhich the Post sophisticated
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was the Cjulf Marsh Bur;j c3 11-.f'ot pneumatic
tires (Jacobson, 194S; :,ut°'I *t &1., 1954). Cysa

the post ten years the w1)-e.vd ve;,''es have all

but disappeared in fvorv of ponton tracked

machines [Reynolds, P1SI; q'uslity Marsh Equirsent S

Co., 19641. Both styles are in a sense monstresiciei,

but the tracked vehicle has won out d'tpito it:

mechanical drawbacks essentially because it

provides better per.afor-mance in the problum terrain

within a more compact er.d manageable dimensional

envelope.

The norsal, rigid frame, tracked vehicle has

considerably more vertica; obstscle capability

than the ordinary off-road vehicle on tires. This

is in part due to differences in configuratiou

which could be resolved to favor better obstacle

performance in the wheeled machine; in part to in*

higher traction usually available on the tracked

vehicle because of its normally lower NUCP and more

!* aggressive groutd engaging elements. However. the

discontinuity of ground cintact on a wheeled

vehicle is an unavoidable drawback in any event,

and the wheel diameter required on a conventional

vehicle to provide the step-height capability of

any good tracked vehicle ordinarily would be

prohibitive ir, conventional layouts.

Both wheeled anm traLked vehicles are greatly

improved in their obstacle-crossing a.d climbing

capabilityf by frame articulation whict: allows

motion between the units in the vertioal -axe,

as on the wheelel Coma Goat or the cracked HUSK-OA.

The extremes of what may be accomplished through

this type of *rticulatlosf art illustrated by the

100-potwnd, 6x6, flexible frame, unwanted lunar vehicle

c:'ceived by Bakker for NASA (BakkEr, 1963; Lee, 1;661.
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The ride of ttacked vehiclei in rougth terrain

- and hence their operating 97eeds -- is fenerally

better than that of nerral rff-,oad wmeeled

vehicles, largely because of superior vaad we, I

suspension and the usual pro7vision of a larger

number of wheels in contact with the ground. Thia

advantage is not in'rinsic. However, it rtoves to
S

be easier aechanica~ly to provide a susperisip.. to

a large ruaber of undriven wheels, as tn a tracked

ve;icle, :han to an equal number of drivon wheels,

as for example on an SUS. On th" other head. track
"tcndi g to dog~ade the ride of tracked vehicles;

and in their conventional stubby form, their !imited

wheelbase makes them pro.,e to high sap!litude

pitcr-ing. As already noted, the latter problem is

significantly rtduced throuth vehicle articulation.

There 1: a crend on off-road vehi•.les on S

large tires, such as the GOER's sad the aniphiblwsf

414 LAACs [US¶C. 19641, tomrd elimination of the

sumivension altognther, which further enbances the

relat've tracked vehicle ride advantage. Despite

*- f the cushioning effect of the tires, elimination of , 0
all other suspension results ih a very poor ride

in rough terrain. Whem the riqid axle design is

coupled with a very short wheelbase, as ou the[

Canadian ti~ber-vorking vehicles, the off-road

ride can be incTedibly bad. Even ov the road,I

speeds cr large-tired, unsuspended 4x4's are

limited to abuut 30 mph by resona-it bounciag oa

their tires. i

Conventional tracked vehicles are skid steera4.
wkiF isposes distinct limita:ion4 upon ta:ira of

overall proportions and in some cases a practical

lower limit to NUU. A siaple exanzle of Sea Of

the detailed relaticnships weich eozlt is Shown in

210 Z
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Figures 14 (a. b, and c'. Ccnxider a conventional

",racked vehi-cle with a Cross veikht of 130,000

pounds. Even if a sazximu vwdth of 1: f:•t can he

scceptLd, the selectlun of dier.sions for the

track is alreud;" limited to the area shown in

Figure V.a. Skid-steertnit considerativns dictate

that: zh4 ,ngth-to-trad r3tio "L/T) she-ld lHe

between 1.2 and 1.3 [(d. Steeds. 1943. 19501.
Current vilit3ry practice fkavers a value between

1.4 and 1.6. Bridge crossing limftations dictate

that the length of track on t.e ground should not

be .ass thtn 1•4 inches, and, out of consideration

for th.- pavement, on-road nuainal unit gr7und

pre%%sAre should be limited to 12.S psi (V,. 19621.

It is clear that the two primary consideratirns.

Rross weight and maxirun width, thsrouxh their

Interrelations with ethers, specified and not,
have combined to limit sevare'y the designer's

freedom of choice in the shepw of the vchicle. it

is also clear that had it been specified that the
raximus NUCP -ho.ild be 3 psi, Lhis would have
fallen outside the feasibility 'Neindow."

Figure 14b shows how the window would Oiuinish

if the maxirmu width were teduced to 13 feet. In
this case, zinimi'u feasible PUZO& wwuld be 4 psi.
Figure 13C illusteates the effects of rtducing the

gross vehicle weight uhiie holding the iaximun

width to 10. feet. Figure IS sur•mari:es the

feasibility windows Cor ccnventional tr:cktd

vehicles in tarms of over.dl width required for
any GVI to achieve 2 psi or 12.S psi ?"JCP Oith L/T

ratios uf 1.2 and 1.3.

Skid steering is also occasionally used on

wheeled vehicles, as or. the small Canadian 6x6

Jiger (Bisrhoff. 1964; ATAC,. 19649, the unsuccest- 1
211
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II
tul British TV. CJO bxb FZhino [Ogorkiewic.,,

4 196]2, týe recently proposed small SxI TILCAR 5

[ArPor, ýen-C-t 19b6], and some short-coupled,

rubber-tirsi construction tractors. For successful

operstien, however, L/T limits are even lower tzan

on tracked venicles, 1..'5 being a practical upper

4 limit (Adams, 1953). The problems with proportions,

maximum utilizat2 - of the planform t- , or ground

contact, and ride .hich have been discussed in

relatzcn to skid-steered tracked vehicles are

accordingly compounded in skid-steered wheeled

4 machines.

The advantages of vehicle articulation as an

alternate reans of steering, on both tracked and

wheeled vehicles, were treated earlier. There is

a third alternative on tracked vehicles, akin to S
the normal geometric steering of wheeled vehicles.

Steering (dowr tD a radius of aoproximately two

vehicle lengths) by track warp.ing or "track

snaking" has been successfully applied to se-eral small
Slight, narrow-tracked vehicles [of. Little, 1964). Adoption •

4 of this mode of steering does not free the design

from basic L/T limitations, however, and does not

appear applicable to larger, heavier vehicles.

Itb asin advantage is that it provides smoother,

more stable, high-speed on-road control. S

From the viewpoint of first cost, tracked
vehicles are essentially competitive with off-road

machines on tires, especially when either is

compared to helicopters at $SO per pound, or fixed
* wing aircraft at $20 per pound [Reiger avA Rubin,

1963]. Costs range from approximately 854 per

pound for the large commercial production

constructiob tractors, and approximately $1 per

4 1 214
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pound for the high bwoduKtios W113 (.Cgorkltvic:,

'64). ti srproxima:elr S.5o per pound for tanks

and low production, special rur"Ose ct4trcia'
•J machines [•torkievict. 1963, 1765|. In €omrarisja

high ,erfortunce. off-road military trucks r';n

$1-S1.-S rer prund in preduction 1Jones and Lett, Jr

19o3 . aid say range to over 'Z p-sr r'nd for

highly sophisticated, low protduction machines s,.,ch

as the amphibious Alvis Stalwart S-ton 6x6. Pro- S
duction costs for CCER vehicles were estimated in

1963 (Reiter and Rubin) to be in the order of lZ per

pound. These overall "per pound" figures are

directly comprarable in light of the fact, already

discussed, that the weight of each tyrp of vehicle

is essentially the same when the off-road perform-

ance is approximately the same (see, for example,

"WMEA, 1965).

Such composite cost .igures, of course, mask

41 many detailed differences. Important differences

may be found, for example, )n the weight, c€ lexity,
and hence cost, of the drive train. Needless to say,

any off-road vehicles on wheels must have all-wheel

drive. Thus there is considerable drive line 0

aJ :complexity involved in such sultiwheel confiiu-

rations as te currently fashionable $x1. In a

conventional tracked vehicle, all wheels are

driven (through the medium of the track) but the

poi6er is supplied only to one sprocket on each
side. This makes for a basically simole p*ovcr

train lzyout. 4oreover, the driven "wheel" (the

sprocket) is unsprunl, which simplifies matters

- 3 11*m ,
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*via ,;rtier. Whil, srrtic'Jlate. tracked ye•.,::zs
S(wvich rust have all-s-eot Ziriyv) Invelya drtvI.-

four sprockets, the basic citp.lexity is still ceir
that 4f t0e drive of e g-,oJ 44 ehlcle. As

against this, in a coaventicnsl tracked vte.cle,

special transmissiou arrar.,;vents %ust bi si.s t-

provize fcr effectiTs azd efficient steer-zg ,Y!.

Christensen, 12$31, azd in both conventicnal sz4
articulated vehicles, a transmassion which caa te
shifted without loss of headway is hi;hly desirible,
if gni essential (Liston a•4 %&anarwto. 19661, because
of !.%* intrinsically hil' rolling resist&nce of

tracked vehicles eren c- hard gro-nd.

The higher hard surface rolling resistsace
of trscked vehicles also means tzat, for the sae
speed as a compersble wheeled xacahine, more power

4 is required. Speeds off-roaa, however, are
generally traction or ride limited in both types,
and the installed power per top of gross weitht
turns oux to be about the saw (lS-ZS flP/T) for * *
off-road trucks aed for tracked vehicles. The

O penalty accepted is that the tracked vehicle wi!l
have a lower top hig±hway speed.

Maximum on-read speeds of tracked vehicles
are lisatea by practical considerattons oi wear,

4 controllability, *ad road damage to &Vprcxisately

30-40 mph. she l~nd speed record for tracked

vibhcles may be held by C. W. Wilson, who in 1944
tested the T70 76m run Rotor csrriage (uhich,
detumed, later becam the 14113) at 70 mph.* I'.

reports it v*a a hairy experience. Needless to

echristle e.zerineatal tanks are reoo-tei
to have run at higaer ireeds (Carlisle, 1964j,
but it sIeem probable that such ruse yere ade .

with the teseks removed.
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say, from 'oe vievwoint of on-read speed, ecionv,

and wear tnd tear on thA vehicle (and ao t." road),

the tracked vehicle is in no vay competitive with

a good vehicle on tires.

Converting installod grosii horzepowe: 4.4

maximum sp*ed to sn equivalent tNrvot for a lar.-v

number of vehicles cf veriois kinds g$fes an

oveFalZ effse.tve drag ratio (Re/V) of 0.7-0.8

for" standard tracked vehicles as against 3.03-0.4

for all-wheel-drive trucks, and O.OS-0.11 for

aruored cars ITM 9-Z2O0, 1943, 1947, 1953;

Mevlllo, 1956; Ordnance School, 1953; TX 9-SCO, 196Z;

Clear*, 1963; Cgorkievicz, 9IM). The sane figure (Is/r-

for current low ground piessure articulated

vehicles appears to be about 0.11. It Is not

known at this moment whether the incremnt is an

intrinsic cost of articulation, and/or of

exceedingly low ground pressures, oa merely repre-
seats lack of sophistication In detail design.
For copoarison, Rel/ for current skirted GEI's

ranges frou 0.40 for small machines to about 0.18

for those grossing 150 tons or more (Ioaevriny 0
Cr.aft a fdrofol, Jun-Jul 19660.

The effective drag ratio (&,/I) convarts all
losses between the advertised horsepower of the

engine and the ultimate top speed of the vehicI6

on a level pavement to a single index. Atua11y

accessory loads on the engine (cooling fans.

generators, pumps, etc.) absorb about 15-20 per-

cent of gross horsepower of conventional eagines,

ma4 transmission and drive line inefficiencies

reduce power available at the whvels or sprockets

by another 20-30 percent [Clears, 19631.
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Power at the sprockets or wheel% must cyorcoz

thoe notiQ re5sitrunces of tle ve.•ice beycn. týis

r roint. These Icluje fur-ter mechanical lusses
wathi' t'e track system or tire, and external

0o:ion resistances. On a hard surface these

arise hIrTcCy fr.'m scruýbing losses in the contsct

area, £rsdes, towed loads, and, at speed3 above

30-40 eph, air resistaice. Cff-road, the internal

motion resistance of tracked vehicles is increased

by the ingestion of soils, snow, mud, vegetation,

what have you, into the exposed working p,-rts of

the trzck system; &-nd both wheeled and tracked

vehicle% encotnter resistance fro the flow and

nonelastic yielding of the supporting surfaces,

and fr-,m trades and smallor obstacles which must

be surmounted or overridden.

Tests have shown that the towing resistance

of trucks on a hard level pavement is of the order

of 0.01-0.015,* while that of tanks is 0.04-0.0S

gAC, 194S), of which 60-70 percent it wec.anical * *
losset within the track, sprocket, and guidint

system (Clears, 1963). Little quotes track losses

at road loads on a level pavement as being approxi-

mately twice those of wheel drive losses at 20 mh,

three times at 30 xph (1964), and as tripling under

maximum tractive loads 119611. Foad toad losses

ia a tracked vehicle are reduced by the adoption

of rear sprocket drive, large road wheels, ".nd a

design allowing the use of a relatively slack

track [Clears, 1963; Little, 1964).

OPittIng eros3-Country tlres In place of
highway 4-vem La reported to iaereoae tbe es-road
ro*lu1z resistaace of a track by 5-15 perceat[lgre8 ovaikov, 1955). I
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The off-road speeds of current vehicles are

generally ride* or traction limited, rarely pover

limited. Also. In weak soils, the increment in

motion resistance is Isroe in relation to road

load resistances (larze gradei are more often
r eencounters3, etc.). so that the rercentally larre

advantages of wheeled vehicles over tracked

vehicles on hard level roads are not reflected In S
4 significant off-road sp-eed differences between

comparable tricked and wheeled vehicles. ('leare

has estimated that general cross-count.- oneration

of a tank involves the same averate vower expenditure

as continjously climbing a 10-percent wrhi., vhich

4 is the sane as saying that the average inartmevt

of Re/% is about 0.10. fie also quotes field test

results on tanks indicating that the increment for

a tracked vehicle operating in :evel sand is of

the order of 0.10: in mud, 0.17; and, at the point •

4 of bellying-out in weak soil, 0.6S 11963).

It is i•n the area of operating costs azd

operating probles that the tracked vehicle is

most at a disadvantage, especially when it is used

4 largely in relatively favorable conditions. The 0
Hydro Electric Power Comission of Ontario found

"°,ilw. 13 likk, eamuieate4 as &a objective
of tank suspension design to allow a tank to
negotiate 12-inc• siiusnidal roughness at 30 mpb,
and a single 16-inch high obstacle at 35 mph.

4 These objectives have yet to be achieved.
Coasiderable attention being devoted to off-road
vehicle ride in rough terrain bat the general goal
of Increasing average maximum vraetical speeda
from the order of 5-0 mph, or it extreme cases
as little as I mph, to such speeds. It to Inter-

asting to note that the "cross-countr" raeing 5
,. speed of horses and riders in the Grand National

Steeplethase is approuimately 24 mph. (Plat covrse
ahore racing speeds are of the otegr of 38 mph.)

ji
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that ?'v i•itching (roe 1.w productlijn, commercial.

low qrcu-d rressure tracked vehicles to an

adartation of the Canadian 4x4 nulowood machines

r I for rjit.t-of-way mainterance, overall c5sts were

-educeJ hy 20 rerrcnt (Cafpbell. 19vSj. Certasnlv

fel consu'ntion is scoewhit hi~egr y Y!rt-z o' p

* the generally greater motion resistance. Cletre

11963) q..otes on-road f-ael consuaption for

easoline rom-red, tracted vehicles a& 11 toi/mile

per gallon as contrasted to 60 ton/mile per gallon

for wheeled vehic'es. In averazm off-road conditions,

the ccmparison would he more of the order of 10 ton/rile

por -allon for tracked vehicles and perhfps oi ton/mile

rpr atilon for wherled vehicles. inrcrssabl d this

teneral order of relaticnship would hold for

€ompietely copadrable tracked and wheeled vehicles.

When tested anainst a difficult ofn-roid terrain.
the situation is a little different. In a study of

ground effect machines for possible Army use,
Aoot-Allen (19631 calculated the followtin operatZin

operatin$ costs per one-wae ton-mile ip an assumed

travarse of a mixture of difficult buc not extreme
terrain conditions-,

Treuked RN-e ts 6 S1 4 er ton-mile
S-ton standard 60. 9se rer ton-mile
S-ton aCEr 4xS 58 6 per ton-lle

Abele p 196i ) quotes mreenlund tractor train operation

as $1.50 per ton-mile. Ali of these compare favorably
with various air-assisted or airborne craft for

cross-country work as follows [Bar, -Allen, 1963]*,

gPure ground effect machines $8.86 per ton-mile

Chinook helicopter $3.61 rer ton-mile

A. V. Poe Genini (4x4 with
optional air support) $2.69 per ton-*ile

Optimum wheeled vehicle

Swith air CUShion assist 51.112 per ton-mile

ZZl
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For scme persmcctlve onv, lon-t-aul .et frelight -Osts

in 1963 were only $.0 direct cost per available
ton-mile (two.v(y),F&.A, 1;041.

The largest area of deoicit for tracked vehirles ,

A !s In durability and maintenance. lhe life of a well-

desi-ned military track is currently of tVe order of

3.000 to 10,010 *ALCS. anz if used on the hirvwavs witti

road pads, the latter must be replaced at 1,OnO- to ZO00- i
rile intervals. Track replacement costs alone on the 9460

run to S2 per :aile;' on the '1ll3, 56# per mile. Ontario-

hlydro experience with small rnd medium comercial. low

ground pressure tracklayers in ritht-of-way service

was that their maintenai.ce costs werc $S-S7 per

hour of ooeration and totaled one-third of vehicle

cost per year. Overall vehicle maintenance

costs were reduced 75 percent by the changt to

articulated 4x4 machines for the same duty I

[Campbell, 1965.. !

The maintenance disadvantage of tracked

vehicles Is fundamental. The track is a highly ii
stressed chain operating exnosed in a hostile

* environment. Most cf the excess of power expeided *
in a tracked vehicle as comnared to a wheeled H
vehicle goes to grinding away this chain and its iA

support system. Only partly mitigating this are

the facts that tracked vehicles nre generally j!
expected to take rougher treatment than wheeled S

vehicles, and that they get it.

The question of wheels versus tracks is far

from clear cut. If it were not, constant study

of the question would of course be at an ensd. •

Although comparisons of current tracked and wheeled
vehicles confirm that in the limiting off-road

conditions tracked vehicles perform better [Depkin,

22Z
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19f4], there is far %ore that can still 1e irn1

vitt. -eerd vehicles fCf. 041A. l9S. The I
ultirate laxious of mobilitv a g-vsm racka;v

will, :wev-r, Ce c1tar•ed fr-m a trsctra ve:titc~.

AccordirR1v. It Oehouves i!,:: :t! ! ali paslibl, ! *3
Ieehan-Zal zemns to iunrcve !e ecoroiny and

reiiabi!ity of traec systems. Vuch say yet he
possible. as Little has rointed out (1l641.

In the final analysis thvrc can be no general

solution. The job requir.-aents, the level o!

performnce required, converted to rroer testable

specifications, will dictate the choice. No

arbitrary weizhting [cf. Lucas. 1961) can do so.

The choice should be 1!ft to the vehicle entinters.

And 't is questionable whether when, as now,

we are fighting a left-handed war. we have the
moral right to let coxt enter raterially into
considerations of how to equip cu combat troops.
In an editorial of 26 June 1966, the lov fork ?in&e I#

0 seconded Congressional action which rejected cost/ f
eifectiveress as a consideration in traffic s3fety,
wbare hman lives are at stake. At our present

juncture, with less thas 0.2 percent of our
population acti,!ely i2,)rile€ in a shooting warI
the same ethic should prevail. On.e actual dollar
costs are removed from the wbeeled-versus-tracke•d

problem, it does In fact become resolved, for
areas like Vietnam, in favor of tricked vehicles.

I,!j
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SEv~rcna knows what a tank it. A task is a tzzk iller

4 |o•ont. 1•W. a tank is a woopea ($chorrer, 12641, a
WOepon system [Shiovitv , I 661, -not a vehicle. Today's it
main battle tank is P coilrction of more th.an 117.030

parts [(nid.er, 1264J, costing nearly one-quarter

milli= dollars (Otorkievict, 19651, capable of

accurately discharging approximately one-tuv tons

of projectiles upon line-of-sig-ht targets up to a
aill* and a half away, within a peiiod of about
eight minutes. It is an important item of export

trade ior the United Kingdom (Ogorkiewicz, 1962, 19631,

France [igorkiewic:, 1966), &a the United States [lesson,

196S; Shiovitz, 1966). The effective design of a

tank is a major exercise in sstew. analysis and

eacineering.

The first tanks to s69 battle were the

British Mark I's, on the Western Front at Somme

in 1916. One-half hour before dram ca IS September,

49 of the unfledged and wgainly beasts began

lumbering into p"ition to suppoet an otherwise

ordinary infantry attack precoeed by the useal S 0
rolling barrage. Thirty-twi reached thair assigned

positions as dma broke and the attack began. Cf

these, It artively took part is the battle and

passed the trench lines to first saccss, 9 broke down, and

S ditched [UlliIlaa-Fllis an' Villims-Ellis, 191)J. These S

prinitive rackines lackod both r*liability anod,

in mazy situatious and rwspects, nobility. These

two proble stil! dog mdeAra tanks.

In tke creation of the Mark I, the designers

wers for the firs: tim, and perhaps for the ltat

tim as wall, Sira cear, quwntitativw, fanctiiaS

specific.-tioas, and a bats maiam of cemktraiits. l
4 224
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The nacxrne waa intended to provide mooile fire-

power and armor protection stainst the machine

guns which, behini barbed wire and trenches, had

produced the gory stalemate on the Western Front.

The mobility required wae deterwixed i' a stdy

of the Job to be dzne. As a result of the study

it was specified that the machine be able to climb a 0

4-foot-6-inch parapet and 'to cross a S-foot

(shortly raised to 10-foot) trench. Tne first

response- to these requirements were concepts on

large wh-r i -- up to 60 feet In diameter.
Although the ridiculousness of such wheels on the 0

battlefield was soon apparent, the final nachite

on tracks consciously preserved the wheal form

(Stern, 1919; Williazs-Ellis and Williams-Ellis, 1919).

As noted in the introduction, task design had

by 1929 become far more frustrating, in larto part

bscarse the job to be dome by a tank could by then

ao longer be clearly specified [04C Item 7314,

1929). 'n the 37 years since, tanks bvva been
designed in accordance with a wide variety of
mission and operatical ceacepts, with large differences

iz arameet, atbility and level of armor

pretectiva (of. Carver, 1966). Today tbhre are fewr

classes of tanks an" there 4s less differvace

between the capabilities of the tanks of each

country tLyncd, 195), as is perhaps to be

sxp•cted, since all desigmars have faced the sa&

pgeral problems tIcks, 1961) and solved them

tithLs essentially the sam tecbnological ca-
straints. Hower, the quastion of the optimum

design priorities or balance between ceflicting

desires for firopomr, nobitity, and pPe"teim,
with ,*iUbility always given a USij priority.

22!
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The Jcb of a present day teak Is variously

described. T'io ccsansus Arp.pars to be t!hat its

role Is to provide a aooile source of direct firs

support for use against battlefield targets within
visual range. T.hs most foruldable such tarret Is

IIthor trAk. iel.ce t.ank-versl•s-tank actiocn, today,

at rAnies uv to sor* than 0yrds, b*^c s a

major dsesigi consiG.ration 101orkievict, 1963, 19*4,

196S; •3emost, 1965]. An Army material Ccamahad

spokesman has been quoted to the effect that in the

I design of the new main battle tank for thie 170's

S(MDT-70) now under joint U. S. and rest Gorman

developmeut (D.sson, 1965; Vance, 19651, the object
was to obtain "the most tank that will defeat kawnc

enemy tanks cn thSe future battiefield, at the least

cost" [Watson, 19601. Up t, he near present, tank-

versus-tank combat ampears ,# have favored fitting the

cooveoutional, high pressure tab. gun (105 m or

iZOme on current main battle tanks), which can be

rapidly laid on targets of omportunLty and cam

di patch a-l rounds per minute (depending ow

caliber and loading scheame) with deadly accuracy

" 1; and high penetrating powcr [Parker, 1965; von Uslar-

Gleichen, 196S] even agaiust double skin designs *
which may frustrate lower speed missiles which

depend upon a shaped charge for pemetratiom
--- [Moo"o, 1966].

There is no usantaity as to the work of a

4 I tank, hwever, Another viewpoint proposes that

its role should be entirely offensive, to destroy

emey infantry, s-ply lines, and weapma L7 fire-

power asm shock effect (Scherrer. 1964. While

concediag that a task is the beot antitsak

woupos, it is argued that such mw Is defesaivet

wad hancO is a secOadaY"t rol, a• that the design
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of the tank should te9rf:re rot te c'opr-:.vsvd

*bj ts-k-v~rrus-tsa'.L a ,e t i;-i

Sho-Id rather stress speed, voozlity, agilitv, y

and rinte. By islicaticn, "his vie-posnt tar-s

te )jb of dtfea./zg enor.; taks over tý .-. I

destroyers," vh¶,ch are I-enerally o'bile and

taCtically agile, heatil'r arwnd, lizhtly armor*!,

and without turrets. Althouth bot' the U. 5. a-d

the Cerman armies had great %,jcce! • h s t

destr-i.-rs iP4 WY?1 TCole, 16s: Louis, 1965;

von Uslar-Gleichen, 19651. the L'sited States abandoned

Sjthe tink destroyer c~ncept in 1946 [Louis, 1065.

At present the ,hinkjna 1f the meat German arma

1von Uslar-Cleichen. 19651 and perhaps of the

Fre•zch army as well [Ebert, 19641 asearv to faver

development of modern grmund-.ravlint taik

destroyers; while in this country, and perhaps in

Great Britain, attention say be turning to missile-

armed helicopters for such a role [,iolladay, 1965;
rh Engine.e, Z5 Jun 196S].

While thus far generally cla3sed as a tark, S

because it appevrs Intended to face it out with

other tanks rather than to hit and run, the low,

turretless Swedish 'S" tank [Ogorkievicz, 1964,

1965; Barclay, 1965; Skolfuan, 1966; Icks, 1966j

* has many if the characteristics of a tank destroyer,

and may perhaps better be classed as a hybrid.
Although this may only be an exercise in semantic3,

it illustrates that the lines of divisicn between

tanks, tank destroyers, and &-a carriages are

indistinct, and will become still more olurred

If, in the future, further sacrifices in armov

are used to improve mobility rather than fire-

pc~er.
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In any ttnk dt~io~, tl* weij'it *Ard 3'-Acs
requirvaents f(r firepower, mobility, aid armor

protecxi*p are ObVIOv S.o In ConfliCt with each

otIler, and with cost, overall d4nanslonal limits, r
and reliability as well. I' sr ill-stratI"n of

Cne facet of tve prcbleo, Tible Vii ,reients t'e

allocation of veights to vsrlo-is fhnctlonS f'r S
Otre. U. S. tanks of the recent rast.

The various primary eleennts cf a tank desigp,

its gross voight, Its gun, its level of armor

protection, its NUGP and speed, and Its dimensioual

Senveorele, are so cl')seit y interlocked in the con-

veontkenal form of tank that immediately one or

another is fixed, those remaining beqin to be

seriously constrained. Butterfield h-s rut It

that after an early point the tank "designs

4 j itself." particularly as regards to its off-road

t noibility potential (1966). Accordingly, radically
t[ new levels of performnnce can only b* achieved by

radical changes In design balance and/or in form

and concept (DeMont, 196S). •

Pirepower is reflected by the size of Rn

mounted, its scc-iracy, its rate of fire. and the

luentity of ammunition carriee. The lZOm- gun

used on the St-ton Bsritish Chieftain weAzhs over

6000 pounds. Its two-part ammnition, of which it

probahly carries about 60 rounds, weighs 19O

pounds per load z.d can be fired at the rate of

3 rounds per minute (Ogorkievic:, i3&Z, 1963, 1964J.

Thus, for this tank, the gun and aa.azuitlcn alone

j and unarmored, unmounted, weigh 5 tons.

Firing a high pressure tube gun of this

size develops trunnion reaction f'-rtes of the

order of 7S tons (Ogorkiewicz, L.-62; Ve'tont, 1965),
which cannot reasonably be managed by a lghtveigh"
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TASL' VTO

SAXPLE N-C'T rREA~r`ýINS rC4T"1

[APG, 194S; Noville, 1.9561

t44AI MZ4 j I tLA1

1343 -!JE5 J 2355

m - i

GVW (T) 33.5 ZO.3 2.9

HP/T 10.3 10.8 15.6
NUCP (psi) 13.S 10.S 11.8

Gun (mm) 7 S 7 90

llul1 21.9 5.'6 29f4 Arror 4%OS
Turret 12.4 10.9 913.9 (and stature)
Power Planta
Power Train i4.7 14.7 121.!

Suspension 12.2 16.9 14.3 mobility 9 40%

Tracks 9.9 9.5 9 .0

Fuel & Tanks 2.4 2.8 2.4
Guns, comp. 5. 9 S. 1 5.2Am A Racks S.0 5.2 S.O Flrapoer -13

Electrical Z.? l.S 2.0
S~Pe rsonnelI,

Stowage* etc 7.5 7.8 6.0 Misc. - 7%

100.0 100.0 100.0

iti
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I
Y :hicle in any cytat, All of %ch sin-ply •
illistrates that ,,oderns t'.k firc~cvar is cmstly

in trer- of weight (as well as dllars).

That armor po.- ve also costs veig't (anJ

space) reeds still less dovwnstrstion. Th4e w.i;'-.t

of armor is a direct f-•.2cn of the olum cf the S

tank's armored spaces. z-%- with amor distritited

in about the normal fashion, is approxiastely
4S/1 pounds per cubic foot, where t e the basic

maximum steel armor thickness, in inches, of the

tank as a whole !Noville, 1?S61. The use of S

aluirtnum armor, &% on the M113 and the hill

3f the new XM4SSI lheridan air-transportable
reconnaissance tank (Simpson, 1.651, saves

only about 6 percent in weight, for the seam level
of protection against dirrct fire (Ogorkiewicz,
1962). The volume armored in a given tank is the

sun of volumes required to enclose its main n.id

any auxiliary weapon systems -- aiming and control

machanisas, loading arrtngements, ammunition, anJ

-c.. crew to operate it all -- and its mobility 5
-,ýtem, -- power plant, power train, fuel, and

driver(!). This is one important reason that

current tank engine developments stress high
output per unit of instalied volume and low fuel

consumption even more than high cutput per unit 5
of installed weight (Lux, 1964; Butterfield, 1966;

Williams, M961. Trade-offs are possible at this

level also, between space and fuel consumption,

as on the Swedish "S" tank. This machine has a

dual power plant consisting of an efficient 240-HP
diesel for general use and a compact but

relatively tigh consumption 300-PP simple gas turbi:e

to supply peak powers [Ogorkiewicz, 1566; [ronotard, 1966),
wkich in the presumed "battlefield day" may only
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be required about one-quarter of the time Ilaytsr and

Gilvydas, 1964). Slmilar consideraticrns dictate

that the crew be kept to a minimum, because. each

man requires SS-7S cubic feet of livinl space,
depending on his fur.cticon (Noville, 19561.

The value of armor protection is geneelly

conceded to be smail against well directed 10Ssm

and 120me guns as now carried as wain battle

tanks, which can penetrate IS inches of steel
armor at 500 yards if a hit strikes it squarely

(Icks, 19641, and against well placed hits by
modern Missiles (Holladay, l96S). Well and
properly shaped armored hulls and turrets, whichL

greatly reduce the probabilit;" of a 90-degree hit,
mitigate this significantly. The Russians appear

to do a particularly effective job in this regard

[Miller, 19655, at the expense, in their turrets,

of limiting possible gun elevation and depression J
to values not considered acceptable by western

desi ners jOgorkiewicz, 1962). The current

gperal trend in armoring appears to be to
determine "how little" is npeded [Shiovitz. 1964)
to deal with fire from specific types of

weapons (Parker, 1965) likely to be encountered t
in large nubers, rather than to attempt complete h
protection against either tank guns or antitank

sissilos li the field, or to accept an arbitrary
wei ;ht limit.

Since Hiroshima, armor has also bees con-

sidered for protection from radiation, heat, and

blast itt an atomic battlefield ([itow:. 1961;

Vance, 19651. However, protection from gamm&

radiation from a 20 kiloton blast at 125 yards

requires IS inches of steel armor (weighing

600 pounds per square foot of hull surface);
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* oeutr•n vrr-.,!ct.za frrom t!8 same bl&st, 31 inc.1sJ

(l'00 lb/sq ft) [Cray, 1964). Armor ca the W',OA1

reduces ou-tside redistion levels ty 75 porcett

(Parker, 0765] u,.ich, while not sisquata protec.ti=

frem a close blast, is apparently ccnsidered

*1 potentially useiul.

Where does all this leave nobility? Some

published comnts on design priorities over the

"years and frem country to country are I riofly

summarized in Table VIII. Accordzig to this S

5 qualitative and somewhat superficial sszmary,

mobility has generally rated second priority, most

usually se-ond to armor protection prior to Wr1il,

avn to firepower in more recent years. In a

*I previous section, Table IV illustrated that the S
soft-ground-crossing mobility of meditm ot main

battle tanks has remained of the same order since

1916; and Table V, that it also appears to be of

the sam order among all of today's competitive

machinas. Sow additional indices of performance S 0
potential are listed in Table VIII, along vwth

main gun bore (as a measure of iirepover), and I
gross weight and vehicle heitht* (as crude measures of

armor piotection). Insofar as tb. tabulated

figures refer to mobility, they illustrate o"ce

more thaat it has increased only marginally since

WWII. Gun sizes bave clearly grovn, while gross

weights have stayed reasonably stable, indicating

that firepower has indeed taken precedence over

Starmor protoction Ia recent years.

*Low height cffers more protectioa from a bit
by another tank than does redueid length or vidtb

beeause vertical reaaiag errors are relatively

• larser than horizontal laying trrors (Cgozkisvicz,196%. , -
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Accor.xr, Rly, what Las in fact been meant b-y

holding aooilitY i1 second priorit7 over tke years

is that the basic level of mobility of tmnki at

the close of WWII hsa bcas generally accepted as a

practica; mininum, witN the resu't tiat desizi

readjustments to increase firerower ýave teen

made at the exrense of armor protecticn rather

than mobility.

Of course, firepower, mobility, awd armor

are not truly separable. Firepower and armor

require mobilitf for their exploitatirn [Lrrde,

19591. In recent articles on the use of armor in

Vietnam and on the upcoming XMSSI qheridan. the

priorities have been listed as mobility, fire

power, and gaoek *ffeat* [9attreall, 196b6 7'eMont,

19651. The ability to employ the firepower of a

vehicle-mounted weapons system in time and ipace,

"to concentrate, to envelop, to deny . . which

constitutes mobility' is as important as the

weight of fire delivered, even though not as

readily quantified [Rice and Patch, 19661.

Despite grim reports of regular vehicle

imobilizaticns ir Vietnam, properly designed

armored vehicle% could play a ledding role there

(Moore, 19661. 4uch of the hiablands is good taua!
country during the dry parts of the year %:hen our

present tanks can operate w4 thout bogging [7aymond,

1965]. At present, however, the M113 is the back- '
bone of armored vehicle operations, performinx the

"The term "shock offeet. appears to be the LI
product of firepower and moility as sugested
by Montgomery. vwo haa written: 'The power of an t"
army Is its veapon povew suitirIled by Its
mobility" ft9651.
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job of providing mobile fiepoWVer Whikh is a
tank's, Simply because "it can Move," and because
in spite of its prcble§is in getting omt of rivers

sad canals, at cPm, after a fashion, negotiate these

ev•rr.ustnt water vbstacles (Rattreall, 1966;

Moore, 1966). Vehicle-sounted bridl•nS systemu

designed to give tanks mobility in these situatioms

[evoy, 19651 have thus far proven mots a problem

than a solutimn (Sattreall. lrtif.

The D4SSl Shqgidau. now going into Fro&ctiom

(Doefee. Iudustry Bualetin, March 19661. may pr-o •

to be the main battle tank for Vietnam. Details

on this vehicle have not yet bee reletseJ, but it

Is reported to have ground mobility far superlet

to that of current tanks (Simpson, 196S], to swie,

to Wigh about 16 tots, to be diesel pwered, with

sa aluminum &rmor hull, and to be armed with the

turret-sounted Shilleghli vespms system [DeNout,

196)S wvich is cooidered patent enough to replace

the lOS= tun on new 96GAl chasuis and to be

c€ssidwo-ed for the main armament of the BTT70 S 0

4 [Vatson, 19%61. Its bast* soft-gre -d mobility

paxamsters my be estimated from thi little published

data. They appear to compare favorably with those

of the sf:•essful X113A1, as sb is Table u1.

4 I 0 I1-
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GI, T. li.$ 1..0 16,$

NUCL7.7 psi 6.1 7.6
IiPrT 18.1 17.1 18.1

¥4I so 31
C •It2 2P is

The ttble clso shows the results of a brief st-idy

of the posslP'litif fgo- a sizilarly armd a"

narorvd. W aow gro.% . pressure, arS•evse4d
Vkhicle (the AN??) *, WeLh io•icito that casider-

-.!y mwro soit-grow. omotlity, is sti'l available

If reeded. It has also beos suglested reemtly

that hoewrcraft sight be useful as tanks. In
yeotram and eosewhere, althocigh the scope cf

prublems vhich would recuirv solition is lab-

stantial J3esuaot, 19C61. * *
:t is evidest that M•e Pvr-,r b#!--ce .4twes

firepcwer, mobility, arer pretwc..ica, ed4 foru

Im a teak is a settor fcr careful systems analsts.I, It is also avidant, both from comwon sense and

frve the published colloquy, that the rdtssa.u an, i

prticIwlarly the eog-rophical area in vhic the

mnitson is to be acc*zplished, must •e to-ecifed.
A systems analysis deals with tha f.ndzntally

ivuossible task of striking a balance •et1ues

factors which are totally umlike. Ts c4aX only

be dome ae a limited. specified bastl Pice ead
Hatch, It"), and eOVe tusa auly approximately.

The result of any such zaalysis, whel basic

•3Is



terrain enid o-qrat~ng conditsotrs are as differeta
aso these of furopq anid of Southeast Asia, mist
either be two aistinctly different machinea or a

sir'gle sachino so badly compromised as to toe nearly
upelt~s in both environments.

Ste'hons, in recounting "1TI problews in

Inject int the successful MKWI 2-I/2-t-n 6A66

amphibian into the mil~tzry system, comented:

"Too frequently, 'ovelopment of "mw equipment is
hampered by erroneously considerint that It
Corspetes against some other very different type of

equipment" 119441. The Sheridan, or an armored
hovertraft, or any other mobile firepower platform

suitable for use in Sottheast Asia will not
necessarily be a tanik in usual European battlefield
sense, and will not be competitive with ouzr cuarrent
European style tanks, either in Eurore or ta Asia.

*or wust it pass muster a~s universally useful
j (Vance, 196S]. After all, no0 one can any longerj claim that our current tanks are.

One computerized systems analysis has already
been applied to the tank problem, with what success

remains to be seen. In August 1963, agreement was
reached between the Federal Republic of Germany
Mnd the Vaited states to jointly deuign 6 siagle wain
battle tank for use, in the, 19721s, the MIT7*

*[Season. 194S). The project began with a Orubeor
4taak'" or parametric compruter stwdy by Lockheed to

d~etermine functional requirements for a tank to be used in
fa"Pepe(ortaseec, ?ay-iunia 196s; Shiavic:, :766; lVatios, l?661.

Design, priorities are reported to have been fire
pamr, xmoility, and survivability, in that order
(Army, May 196S). By tee wwwr of 196.S, the

conceptual approach and technical chisracterlatics
hb" beta agreed upon. major cosp~ments bad beers
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agreed -ý-o I-exscn. "15S; Vaxzce, in5. rd priasm~

contract rs selected.

Vr•ile it is k-ovn that the wisslio for whicA r

the cVt•p=u ;3T was to be eefinod by t4- stt;dy was

tan1-rer;~JS-t�Lg (csoat in the turoean t'eatr.,

tie vial' !-s tra u3ed has not tv-a disr'csed.

Fresunably it was se sort o prcbability of
success, such as r~orkievict has recentJy, cutliz-eda1, [196S]. Probability of success (U.) is the Joint

p-.obbility of availability, the chance that tize

tank will be where and when it is needed (Pa), the

probability that it will survir, (7,), and t•.e

probability that it will be able to kill t!e
opposing tank (pi); i.e.,

re S P Pk% x PI 0 1a

Is this formulation, mobility Is included with

agility, reliability, and transportability is the

availability term.

According to published r-ports, the MBT73

a growing from the stidies, in addition to aounting S S

tbe Shilleghli weapons systes in a turret [Watson,

19661, will be suitable for the nuclear battle-

Sfield and will be a floater, powered by a variable

compression ratio multluel enline 1iving twice

the horsepowr per ton of present tanks (Autovmti 4 S

ldmuc:ri.e, 1 Doc 196$; Quinn, 1366). Its 4oft-

soil nobility features have not beth mentioned,

but it seems probable that they will diffcr but

little from current teaks. Its roulh terrain

performance, however, should be at least as good •

es the current Gersan Leopard, wvich is rvporte4

to be "rosumrksblo" [Meyayr 1966).

S1241
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bt ut all ear not tc roses. Th,* F*Jtrsl Pe.ublic

or Carrany ail te ý'?Isted S5'tas will each t sir

fbatson. i961. 1owever. thvre is alrcs~v %'eculatieu

tht tese will instead be tso 4ife(Trvat na1tie5,

represezntini twv, ...ffvrrnvt. cowi'etitive £?lt r-pretat less
of the Stidy results. witN t,.e Corsan 8aC.Siin PorhA;S

stressirt sob! ltv, 3ore t!.aa tl~p U. S. jShiovi':. 124.61A
1Iich Illustrates V'iet sveol careful systess analyses
d. sot, is such a cosplex problem. produ.ce wswqvivocal

results.

Iaw15'.GruaFaea

wa the tMrsa Lteopard ad the resa ema A120.4 1bl

Ital7 decided to buy 0160's [Zeta, 1964% Ogozkieuies.
i966; MkOVIta, 1966).-
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'T~e '-sirn of a gI ",d ýoat fý,r a riven 5ervtce

is cem.Slex Slut maa, ageae. :9s311, of & syccessful

-ff-road vehicle is still more c••-,lez. and less

aansevahle. When the two design areas are cu.-

pounced in tl.e crea icn of a swimmin. vehicle,

4 which ma-st cope with the proeles ý,)th of ?-cats

and of off-road vehicles, plus some new ones at t',e

land-water intcrface. the situation becoies

frustrating at best. As much as with a conventional

4 tank, the swimaint vehicle, confined within a dual

* •set of physical constraints, almost deslgns Itself.

Amphibious vehicles go back to the '.xvpibolos

Orkuter,. Luilt in Philadelphia by V!iver Fvans in

1804 [(anley, 1954: 11TD, 1955). The first serious

military interest in amph'bians. however, was

4 ievoked by several prototype tracked, screw-propelled,

Sam•rhitiovs- "tanks" built by Christie during the

I eorly 1920's, but these were found wanting at the

time (1UD. 195S]. U. S. Navy and Marine interest

was revived in 1935 by Donald Roebling's tracke4,

track-propelled "Alligators,' conceived for rescue

work in the Florida Everglades. This time the spark

SK did nct div. In the few years following, the
Suczessful LVr vehicles of WWII were developed

lID, 195S, and with then the amphibious assault
I :" doctrine which retook the Pacific in 1943-45.

Navy and Harine Corps landing vehizle development

has continu:d, resulting in a series of increassirly

large, 5-7 knot. tracked track-propelled vehicles

suitable for beach assaults (Alexander, 19S7:

• I USMC, 1964: Susbips, 1964). The latest in this

direct lire of descent is the experimental tracked

LVTP112 25-ma carrier, with twin water Jet

1 243
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propulsion. jis'ei e-tine, and a bulbous bow

(Armor. 'y ý-.Je V.)'&.

A secono line cf asphibian develorment was

nit~at.ed by. te N.tiranal Pefense Pelearch Cow-

mittee of r'rRP in 1941, with the cor.version of the 4

standard 1/4-ton 4A4 eep to a screw-rrorelled

amphibian 1,'P, 1346). This aprroach nuickly came

to fruition in the cenversion of the "itl 2-l/Z-ton

4 O6xb to the spectacularly successf(A DUTY, which

first saw a~tjon in the landings in Slcaly in

July 1943 [stephens. 1944.' OSRT1, 1946). The MAUiY

was conceived essentially for unload&ng ships in

a continuous flow frou shipside, across sand beaches,

* 1to inland dumps with no delays and pile-ups at the

water's edge. lrplicit in this concept was the

ability to land throuth high surf. In this retard

in particular. the DUKV exceeded all expectations.

settint a standard which is hard to beat today.

4 1However, at the war's end, the consensus was that

the DUKE still left ouch to be desired. It was

too slow in the water, inadequately mobile off-

road in mud ind other weak soil conditions

eaeeptia.# eand, carried too swall a payload for •

* efficient ship unloading, and was itself trouDle-

sme to load and unload (Stephens, 1944; OSRD,
1946; Manley. 19S4). In the ten years following

IK11 the Amsy attospted to correct these de-

ficlencies in a series of wheeled arphibians

patterned essentially after the DUKV -- the

Superduck 4-ton 6x6, the plastic-hulled Cull 5-ton

I. 4
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1z6, the Drake lO-tcn 8x3 (Joy. 19S6; Roach, 1760; "

4 Crigor,, 1265]. 'ile theae •achines dio carry larger

payloads at modestly higber voter spetds. t•.eir soollity

was not improved, as shown in Table X, which ssaerizes

the mobility indices (developid in Appendiz Ixl),

payload capacities, and water speeds for a mzmber of

4 wheeled amphibians an!- flobters.

A different direction, bssed upon the use of simpler

404 unsprung ground running gear. and hence irp.1citly

placing greater emphasis on water capabilities, was

began in 195Z with the construction of the mammoth

60-ton payload EA.RC [USMC. 1964). This has been since

followed by similarly conceived, smaller, alusiz-um-

hulled 4x4 tachines, the S-ton payload LARC S azi the

IS-ton LARC 15, which are now in service (Roach, '60;

USNC, 1964). The LARC's have modestly improved %arer

* speeds and, between them, appreciably increased payloads

over the DU]V levels. Loading and unloading are also

speeded through adoption of an open-sided cargo dack

which may be loaded and unloaded by means of forklifts

'eorking from the 3ides. However, as indicated in Table p
X, except in their eand perforum-ne, their calculated

soft-soil mobility is either worse (LALC 1S) or only

* maorglnally improved (LARC S) over that of the DMD.

To explore the cost/effectiveness of a truly

significant gain in water speeds, the Mary has tollowed

up studies in!'tiatad by the Army (Lamm amd Finelli, 19571

and constructed two types of aluzinum-hulled, Sas-f-urbine

powere4, S-tom payload amphibisns, one dusirned for

planing (LYVI's), the other for high-speed operation on

* hydrofoils (LVH's) I[uships, 1964; avopeing Crefs and

ffIvdrfetil, Nov 1964, Feb 156S]. Both types are 4x4's with

retractable wheels; neither offers any evident "ain in soft

0p
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soil votility over the XI. (see Table I). 1
Althco~h conplex mad costly, t2e hydrofoil L'XIX2

appears quite efficient from the viewpoint of fuel
consuxrtion at speed in the water, productny 1..

ton-miles cf cargo movement pmr gallon of t,•e,
as cispared to 2.2 ton-miles per gallon for the S
DUKW and 2.S ton-miles per gallon for the LAkC >.

And finally, current doctrine, growing o-it of

the 1960 WJER study (19601, says that

all tactical Army vehicles should be inherently

capable of negotiating inland water obstacles.
This has been interpreted to mean that they should

float with little or no prior preparat.on (prefer-

ably uptight) and be able controllably to swim at

speeds of at least 2-3 mph. These qualities are
being built into the current new generation of

tactical trucks. To distinriish them from their

speedier, more seaworthy, surfing cousins. just

reviaved, they are termed "floaters" rather than
amphibians. Their nobility characteristics xnd * O
their marginal water performances are also briefed

in Table X. 4

So why the blues? First, xone of the vehicles

amphibians or floaters -- synopsized in Table X
has adequate mobility to get out of the water under

its own steam once it is in, exce-Ot over sand
beaches or under especially favorable and ;nusual

bank conditions. Moreover. our tracked asihians and
floaters are little (if any) better in this regard (ef.

Moore, 19661. Second, the laws of hvdrostati:s 0

ai of I rdrodynamics do not allow amy cheap and

easy umys to Improve water p4rformance. teglrdless

of the continued optimisa of specaficatiom amd
, requiremnts writers. And finally, tha dictates

of design for good water perforsanco are, at 0

many points, after the general cussedness of

Z47
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things, at loggerheads with those for good off- 4

road performance, particularly at the land-water
interface, where mobility problems are regularl,

exacerbated by weak, wet soils and/or extreme,
though sometimes short, trades.

The elerents of water rerforuance are simple
and cannot he overlooked. The vehicle floats,

upright, or it does not. Water is a sivple enough

substance that a speed is a speed, with little

ambiguity once draft, channel, and current effects

are recognized. Controllability or lack of it is

readily apparent. And even surf performince can be

specified and checked. One result of all this is
that the compromises which must inevitably be made
between water performance and the unavoidably more

nebulous quality, off-road performance must favor the

tormer. And its corollary is that, more often than
not, soft -oil mobility of the amphibian is leas than
that of comparable land-bound trucks, despite the fact

that it must be more if It is to be able freely to get
to and from the water's edge. This problem can be
made more tractable by formulating realistic specifi- I •
cations for water performance.1

Any amphibian or swimer, as a body which

must float, must be designed in accordacce with 1
Archimedes' law, by which its gross weight and I
its minimum dimensions are related. More detailed 8
considerations of the desired attitude in waich
the body should float further limit the arbitrary

selection of dimensions, sad tend to dictate form -I

and weight distribution and hence overall layout.

In the design of amphibians and floaters of 0

.I " reasonable size, the problem is complicated by
the fact that feasible overall dimensions are -

4 248 S
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limited by laud,.oiai asd/or transportabillty 
o

coasideratioss. Thus, while the planform loadla ng

(W/A) of work boats in the rang* of S-Z2 te 1is cross dis-

placement varies aSppoxiaately as 0.01 ,'., ttall SAd

iecker, 1?451, that fat ioe-svwmmia; off-road trucks in tO

sane range varies appr.zimitely as C.03 a,,7,•

and for tracke4 vehicles as 0.ý4 . In practice.

wheeled amphibians have struck a comprmaise --

W/A - 0.02 110-N. Tracked amphibians, being less

free to increase their l•ngth, have t*sded to

retain *ore compact, land-g*oin plan dimensioas

Plamaform dimnaional Iladtatiras, and particu-

larly width limitations, mean that the inherent

roll stability ef the buoyant for* is limited, so

that the vertical center of gravity of the loaded

machine must be tept relatively low. The problem

is often aggravated, especially on wheeled

vhicles, by cut-outs in the hall at the sides for

running gear, which, when they pierce the 0
waterline, still further reduce inherent form

stability.

The second result of the high loadings of

swimming vehicles is that their underwater shype I

Okae *ows is an oerlier seet0ioso, %ta ait,•aJ varletlio
for non-wvianiag tr'%eks and treckca fehlclev so given More
aeerly by V/A - [fo 0 *. T•e more lpprzximate forms
are used her. to facilitate single nUreat coeparisoo
within this liaitid walght ruae. Tlhe chamg is
the form of the relationship betzvwe V/A ead c!"M
teo mphiobiuas tree a square root to a cube root Is 4
simply a reflection of the Immutable lews of hydro-
statics. Zacrease is loudiag is the water as
iW would mean that the drart of the machine

Increased more repi&•'y thea its planfors Glm 4 al.eas.
resulting In a systeuatle change in proportions
with alse which does tot In fact obtain.

' 249
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must to basically poor in terus of draw, rovpulsion

efficit:%v, and control. This situation s &ps 6R

4 coerounded. by the usual presence as %AaialY

appendages to the hull seme or all of the land

ruanint wear. The ftrdasental hvdrodynasic problens

involved were outlined by kuttall and Hecker in 174S,

and t"y WEwen in 1947. S
Ordinary boats and swimers which are sustained

in the water primarily by buoyant or hydrostatic

forces at all orerstinx speeds are termed "displace-

ment" craft. The resistance to forward motion of

such vessels comes from surface vave-nakinx, skin

friction, and the dr.x of submersed ar ndapes.

In amphibians, at a speed such that at Y/.t * 1,.
it Is estismated that approximately 40 percent Of

the resistance €cues from wave-mkint. 30 Percent

from friction, and 30 percent from appendaeas

lWhitney, 19SSf. The skin friction of a givnm hull

increases approximately as VI-I2s, and its appevdagO

drat as V2 . Wave-asking rpsistance also increases t

about as V2 uv to a speed such that V a 0.9 4T..
Above this critical speed, the vave-saking cowronemt

of resi5tance increases, with saw anomalies, WlrOZ-

imately as V3 or even V". In merchant shiv work,

speed-lanpth ratios of 1.1 or 1.2 ars considored

the economical upper limit of speed fRossell aOW

4 *. Chapman, 19391. A 20-tos round-bottom pleasutr boat

has a resistance/veight ratio (RMV) of the zorder of
0.C03S at a speed-length ratio of O.8: 0.017 at 1.2: ,

and 0.080 At 1.8, a fennel variatioM rvWhly of the

form P/M ' 0.009 (V/,r)'-s.

,The ratio Vjot in reterre4 to &s the "Sps14-laQlh',
I ratio. V is to knots (1 ka a 1.15 nop) a4 L Is the

waterlive length of the vessel In feet.
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TIM form of diseoleggiet awohibima hul'As has

the rapid |ncross, inl wsv9-"~ktngr rvst3t*t.c* at

higher speeds Is not as apparent as In boyts.
r Waal tests of the WWI[ D.TW S46M the rolalstio"Shl

R/ O.CS3 (V/7?';the W171 O-T, P'/v -* 1

(Y//W)2" - iuttall a.d Hecker, 19?5], Tests " a

arple, square.edted box of the same jeneral szu:arged

proportions give g/w a 0.04 (VI/,) 3 -.', Iz., 17661.
At reasonable operstiag speeds (say V/r *v 1.1), the

I $sPcific resistance of t%• V D'.7[ is six tiies, that

of the LYV zmore this 3.S times, sad that of the box
4 t1Res the specific resistance of a blot. In practice

the maximus speeds of displacevent awphibisns have
not exceeded V//f a 1.5, and operating sn'es are

more usually in the range of 1-1.2.**

Note that while resistances increase as V'-',
towrope power requl-ed increases as V1 -Vs, and

installed power often still faster, because of

deteriorating efficiencies of practical sized prrpellerv
under the excessive higher loadings forced up-u

most amphibians by limited di-.4nsional envelopes * O
which in tun limit possible propeller sizes.f And the prblem te made still more intactable

by propeller efficienaies. Where there is spa"c
vithin the design envelope for a prorer size propealer,

*Is dealing with amziblisa sad floators, it
is usual. and a4equate., to use the overall vYaiele
loegtb for L rathe- thha the waterline leangt I&
formtag the ratio Y//1L.

as|yen If bigher pover were supplied, coaeileroble
redesign wou.1d be neoesea:, to preoevt their swavupla
t1 t%%eir ova bw waves at speeds much higher.
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vith class fiov to asAd (roe it, S ca a gj" 5t

ltorirpmr fficignc7 (or pr~inms~ve cootffcitat)
to psairaily of 0-0 ofte, of O.4-.6.. tCe4 prop,1:r-,drvv,% -=peiibIaxs. It Is rarely ka1! t~ils
afte~s still leus. The situatios is not wS"tlr
ckwat#d wh.*A 0 j~g-'.r-pOd water jot Sratvg issubstituted 0.- the conventional pTvneller(s). If.as has often boeft the case Lna the past, the total4 ~jot aresi is suabstantilaly smeller tha~a tUt. disc
area cf the propesllr(s) It replace*, pre"lsive
efficiency will sctuaiI7 be vyyse.
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Slnpler alternstirvs to the use of scrte pw 4lOr,

such as track or oh.el proepulioc, are utualy far

poorer (Witney, 17S; C"esre, 1263). The s1tu#t1cs

is Illustrated by erasuisiag the offeeiv.e overall resistaace to

Vwig m i' ratio (I /a) for a n euubr of existing uumnibia.

This max readily be czlculated free p-ublts#ed i-ztalltd

hossepover, uaxiwa speed. gIoso weight , and overall l*3gth

fipries. With oaly minor loss Ua precision, the calc2'ated

values may be orgsaized i.to a simple pattern such that

1.1W 0 K (Y/4~)"

Approximnte values for K for various types of

propulsioi and hull are shown in Table XI. The •

figures of Table X1, taken with the previously

quoted figures on tcvroapw revsitance, indicate appvristte

valaes far prepulsivv coefficients for various gLwerul

tes of propulslon as follows:
propellers PC 0 0.15-0.25
special water-

proi,!siou tracks PC a 0.10
normal tracks, tires PC a 0.02-0.03

All of which i: not to say that water speeds

In excess of about i0 sph are impossible. Several

possibilities do exist for substantially hi;her

i speeds. at a price. If the macbine is designed to pla" 12
Vthe water, with vbeeis retracted out of the water flew, tse

propeller vade retrectable (to be storable out of

karm's way for lead oparations, lut effectively S
placed for water operation), and a clean planing

null fitted, calm water speeds in the range of
V/"r a 3-6 may be obtained at specific 4r&:s (•1/)

of 0.16-0.20 ([Kam, 1966). The effective drag

ratio (RiSV) of the Navy S-tom 4x4, 1500 KY, Its S

turbine, planing amphibian is O.S, indicating a
propulsive coefficient of 0.3S-0 1@ jBuships. 19621.
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I1 the .Jdititaol mschanical and control
c1mies cations of hyrrttoils, rstractable f~r lInd
cpesstiec, are &4.&d. ".U saw speeos may be

achieved with less drag•a epoeed. avid *mce less

power. Tq Mary's S-toes 4x4, 1l03 HP, gas ttima,

4drofoll &Vhibisa o.eretes at an effectirv drag

ratio of 0.:, ilmlyiag a fliy!r drag f! ".- 7;r4er 5

of 1.13, sad a propulsive coefficient of about 0.S
({wships, 1954J. "Take-off" drag. however, will be So-is5
pelvet hilher lef. Kam. 1166). depending pese tue

refinemet of hull design sad vhether or not tte

wheels are retracted. This high nuvp" drag

necessitates use of a variable prvpeller ccfir'i-

rationa for effective operation under high thrust

at low spo.9s (V/st w 21 du-ring take-off, and

efficiency" under lowoT thrust ioad.s at higher

speeds while ilying. A major adv8ntae of the 5

hydrofoil czafiiuration is tkat it can saintain
high speeds in Z-.-foot seas which would force
tL. plamia hull to batk off considerably.

oeth approaches are costly, in dollars, in s

coplicatiou, sa-d in weitght. oth experipental

typ•es, despite the use of lihtweight pc,,, plants
and aluninum bulls, and the fitting of caly
miarginally mobile land rvin8g gear, have dI! payload/gross wei:ht ratio of only 0.26. This 4

4 compares with ratios of the order of 0.4 for
current, less exotic machines such as the LARC's,

wklch in turn have already paid a S-10 percent dirt:t

weight penalty fcr their amphibious features.

A third available alternative is to design S

displacameat aphibaias for use coupled is trains

for long water hauls. Scale-*m*dI tests have

shown that simply coupling eight elements reduces

the unit drag so that, if equal propulsive

zSSIi US 5
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IO
efficienicy is assumed wbothar rnIng singly or co.rled, the

ap•rattng speed of the tra i t may b4 about doa" e that of a

isle unit with the pane installed power in each vehicle
riSS , 19•66). 1

While the various figures quoted are
historical, they 11 aliso in t*LOr1 accord vith

the current theory and practice of naval archi-
tecturv. They sake it clear that a specification

for a water speed which is outside the state-of-
the-art of amphibians must either be ignored, or
allowed to govern the entire dssign. "hen, as

has sometimes been the case, the specification Is
beyond good boat pra:tice, it Is patently •
ridiculous.

The bank e7reSS problem is also governed by

fundamental considerations. First, the stream bed or
canal ditch and its banks often constitute a foraidable

I• obstacle to even the best groimd-crawling machines •
purely because of their geometry -- steep slopes,

high vertical steps, etc. The problem is confounded

by the fact that the soils on the steep banks are wvt,
making then slippery at best. Where the bank slop*
is inviting, the soils vill often be very weak, • 0
waterlogged silts, etc. This basically difficult

situation becomes still more so when the vehicle is
afloat, or partially afloat, so that its maximum possible

tractive thrust and the ability to bull tarouuxh on
nomeatun are both greatly reduced. Accordingly, there •
is far sort to creating a viable river-crossing "floater"

than simply aditi| buoyancy to an ordinary vehicle of

already lVait-d off-read nobility (ef. Wisner, 196S).

S .

-4 - -- -•

- ... . . .... .. . . -.. . ... . .. . . - . . . .. . _

-_;- . . . - - . . -.



It a.ppeasr probable thast a reanalysis of T%.8 -1cost veI es the cr- 
-- -fectiytnes$ 

of t-e current

crIp Of flostor In the light of recenh experienceh

would •.ow that most of then are not rvally justiflable
at t•r preisont Lavae oIf water aqd eir;ee p•rerwosee.
Either *,-r* Rust b. 3snt (in all coins) en their
water and bank mobility or the requirement c~onted,

perhaps back to deep fording capability; i.e., the
current balance may well prove to be the point of
looot return.

2 0

2S7
*l

* [.

61... • ..- t•, m•, ., .. • .,,-r.. .. " - . .



4 I .•

A Wobi11t'v "Itgo

The design and construction of off-read

vehicles hei been g grin, prosaic business, lartuly
4 unleavened by the sporting elemnt of outrT.t

perforeace cowietition, divoT:eJ from workaday

problems of cos:, reliability and a paying job to

be d7ne, vhich has fro* time to time boeifited

other spheres of trzLiportatiot enginoering. S;ch
exceptions as the long-standing Aritish off-road

"trias" competition (ef. Meotr, 22 Jan 0966, the

annual Naples, Florida, "swamp buggy" race %ef.

Varner, 1966], growing Interest is

sand dune racing (of. Sports UZliaksated, 10 Jan 19661,

and cross-country racing in the USSR I*otnr, 20

AoC 1966], have not yet produced any nov knowledge

and terve rather to point up the case.

It appears posalble that a useful exercise

at this Juncture would be specifically to develop V *

one or several different "mobility hot rods," to o

synthesize the effects of such competition. The

proposed hot rods would be designed solely to

carry an intrepid driver, a first-aid kit, and a

minimum of lightweight, compact instrumentation i 0
at the highest possible speeds across a wide 4

vit'ret1 of difficult cross-country terrain. If

cost/effectiveness and all other constraints which

are now thought to limit t:e free application of H *
current know-how could once be eliminated, and

MOBILITY only made the object, the resulting

machines would presumably represent the pinnacle ;

of the state-of-the-art, against which the '

mobility of all current and proposed working

4 machines could be measured. A serious, properly n
, 2S8

4!

4

K 1T2 i§ ....,. I
K >2.

* 0 00 0



9

-

$ _____________

(4.

4

4

4

I

4

*
'S

6

*
�1

I I;
* j I

* I
I

6 4
*1' -� I

I�eII 0 6 6 0



financed effort of this sort would answer many I
questions in a way that ctnnot be done cU a I .
blackboard or in a ccputer [enorr and Morgenstern,

196S';* in a way which can be readily grasped by

everyone concerred with the problem, from top to ,

bottom.

While it does not appear likely, the hot rod

perforwince might just turn out to be disappoint-

ingly little better than th-t of our current toad

machines. This is a risk the vehicle-terrain

research commJnity should take, even though it

.el-. A rta.e t*hoem into new and more promising lines

of personal endeavor. If, hoverer, the current upper limit-

could be d€monstrated in meta1 to be substantially

better than the few percent improvement which is

regularly promulgated by advocates of more and

more reliance on air transport, it could develop a
demand for the rebalance of t'esign priorities

thought to be needed to make real progress in

cross-country nobility. It would also generate

requirements for more and better resear:h. n

either case, everyoe would learn much. And it

would be fun. • 0
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Spec! ,if'vt. Perf~r~lnecg

In the oificial Sysses, t0e develcvamat of a

vehicle begins with the same sort of specificatitas

of performance and other features which go into the

NR,. The ccuplete specificatica deals with many

prcblems and features, of which off-road mobility

Is only one. Others are:

1) reliability

2) effectiveness -- cnabat load or cargo
armor and firepower or toma~ge, speed
and vulnerability S

31 transnorvtability, which today means*
increasingly, air transportability

4) transport efficiency, which is primarily
concerned with fuel consumption and with
logistic support required

S) durability 5

6) maintainability

7) manpower requirements in teors of numbers,
training, and leneral intolligencie level

Each of these characteristics is covered in a

number of different ways. Som, such as relia- S S
bility, darability, and maintainability, have

proven to be a!wost as nebulous and difficult to

specify as mobility. There is a current healthy

trend towards specifying all requirents ia

functional terms, leaving means to the designer. 5

Some redundancy or "ovirspocification" still

occurs, however, which often serves as am "out" f.r

the designer when the functional requirements can-

not be mmt.

In relation to mobil'ty or off-road perform-

ance, specifications are c-rrently stated in four

peeral ways, ame of which are truly quaatitative

had hence acceptable:

Ii'
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1) PwrforeMace may be exv.veted in ter" ef
"euivalsace to a knovn voniCle. A specifl-
catico say read th•at "t!e I.-lity (cf a mew
vehicle) . . . should be Uqual To tnat of the I
XXY4 Z." Since no definiticn c-f equivalsnce is
given, this ix practice revuces to iaentitv.
For exasple, a question wes raised at a 1964
bidders' conference as to whether a 3-vi9eeeJ
vehicle would be acceptable. The answer was
"No." The reaseo? There woulJ be no way of
knowing whether the mobility cf a 3-wheeler
Was in fUct equivalent to t.hat of t-c
comparison vehicle naned in the specification,
which had four wheels.

Z) There is a plethora of hapoy qualitative
I terms: "maximum monility," "optimum mobility,"

etc., all undefinable in quantitative terus.
They are not opecifications but rathar king-

Ssize loopholes.

3) Requirements ar2 sometimes stated in terus
of simple indices which relate to mobility in
a general way, such as noainal unit ground
pressure (,4'JGP) and hcrserower par ton (HP/T).
While better than nothing, these are a long

4(I way from testable porforumnco specificttions.

4) The tpecificatiom may spell out a nun. :
of other &rbitrarv design features andSr~haracteritist¢ soeetiums based upon as

overall problem analysis. Those may include
angles of approach .nd departure, ground
clearances, widths, swlnzzn, cofig-jrstion,
etc., i& addition to the indxces in (3) above. i O
Am example is the excellent study "Logistical
Vehicle Off-Road Mobility" prepared by the
Trans portatiom Cambat Devolovuents Agency,
Fort tustis (••rAw 1%3). Figure 16 rvvro-
duces the tabulates results of this study.
The difficulty with this type of spocification
I is that because of the inmtrrelaticaships

between nomanally indepeodent faatc-es, it in
effect dosign2 the vehicle in all txcert
detail without rogard for alternatire
mechanics? possibilities for overcomiag variou•s
types of terrain-vehicle problems.

* 1
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In addlition there are so-e ,,nfortunate g'eci-

ficaticii vhich involve sanTles of all types of
the above. It should be clear at this late point

in the discussion that the inclusion of unnecessary
contraints and conditions reduces, sometimes to

tht vanishinR point, the degrees of freedom left
to the designer in reaching a solution (Tuttle,

1964). Too many vehicle CMR's present the design

ageecy with what ii effectively a completely
fro'er de&:Zn (Schleppe-. 1964).

The basic.illy nebulous specification of

mobility and o~f -road rerformance is all too fre-

quently in contrast to tte detail given in other

areas. There is a natural tendency to adhere to

closely specified requirements (except -- by some
unstated convention -- weight) at the expanse of

those less well stated, regardless of a pious list
of priorities.

The nepd for quantitative off-road performance
specifications has been recognized before now (of.

Liston, 1964; Shiovitz, 19641. Of course, to have

meaning, to be teotabte, not only must the perform-
"ance bi called out in measurable, engineorin;

terms, but the relevant terrain conditions must
also be specified, sgain in measurable engineering

terms. And most important, and difficult, the

specifications cust present the mnmimvm performance
bhich will satisfactorily do the job where it must
be done.

Such realistic specifications can only come
as the result of careful analysis of the misjion
and of the terrain, including the developsnt of

t viable operational doctrine vbtch outliner the

way in which the equipment is to be usod it specific
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difficult ".rrain situatizns and the -erforrmnce
I lr.t t.-ttion.s vh ch h~tve re~r aces•ted ;.n the deiizn

f reci th~e out set. Askin( f,:r n~ore than is reason-[

ably rc~rlcar. only lead to ttcit aRreement ]

that thr specifications ray be ignored, and to a

return to the prescnt ursa:isiactory statz of

affa'-rs.

A fully useful, testable off-road perforr.ace

ýprcificntinn will ccnsist of a matrix of several

(perhaps r.,iny) .easurable perfor-ance versus

.es.urable terrain feature relationships. There

is already broad agree-.ent upon the list of

terrain-vehicle interactions which govern off-rcad

mobility, and hence of the fe. ars which should

appear in a proper specification matrix. The list

is deceptively sicple, ar.d fully coincident with

the areas of terrain-vehicle research outlined 'n

an earlier section. Terrain features which :Pelrtz

vehicle performance are (of. TECP 700-700, 1964; GCabau, 196S;

VMEA, 1965; Wismer, 1965; HERS, 1966, Liston and

Hanamoto, 1966; Shawburger, 1966):

1) the mechanical strength properties of the
surface material system, iacluding layering
effects;

2) the surface Seo,-etry, includinR slope,
discrete geometric obstacles, and continuous

3) vegetation spacirg and nechanical
impedence; and
4) water barriers, including the land/water
interface geometry and composition, geometry
of the cross section and current velocities.

This system of geometric terrain meesuremnts utili:ed in the
H4ERS 3tudies is illustrated in Figure 17. It Is recognised
that these several typese ef terrain features will often act in
concert. 11owever, analysis Indicates that the aritiest
combinations arg generally only those involving weak

surface rateriats MV A, 2965.
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Th.e i-'oitsnt privary -- hicle resolse ,s ir.

311 cases si-.,I- Its practical cper,'ting spe.!do
Wiich in severe conJditizs5, 1s in npotiating

rear liriting cbstaclcs, reduces to ", or p3," ir

the f;miliar "go" or .-o-ga" criter~cn. In sc--.e

instances, psrticularly in the case of operationI

over rough terrain and subcriticsl obstacles, the

"practical" operiting speed requires definiticn in

terms of acccntable veSicle response, such as PSD,

amplitude. acceleration, and/or jerk limits at

various critical locations in the vehiclc.

Rrcent tests have demunitratcd that, as earli:r

suRgested by jones [19•5], in many subcrirical

terrain situations a vehicle's practical naxn-u.p

operating -peed is more strongly influenced by th.

driver's experience, physique, temperament, and

elan. by details of control and cab arrangement;

and by vehicle responsiieness to cont ol, than by

the fundacn,*al vehicle characteristizs wi.a wnich

terrain-vehicle research has dealt (Liston and •'ana-

moto, 0•56]. Nhile this is surely an area for S 0
further investigation, *olti'ono should not be

attempted in the specifications. Rather, the

spe. .ications should include pcrforsance trials

which involve only the vehiolt components of the

problem -- cab and cuntrcls and responsiveness.

The driver variable should be minimized in such

tests by using only experienced, capable drivers

after they have had ampli opportunity to becom

familiar with and confident in the vehicle. After

all, the road test results on automobiles,

regularly published in motor, Popular Meohcnoe,

etc., are not run by just anyone's grondmother.

They represent the best that an especially

qualified driver can do with the vehicle, and thus"4 S

It
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!'eccr a ';-c-ful and rr"-.uj "'e ir-lev of Its

A srrcOtt %i- itfi(f ! -,reIi'iary sarle

off-rnaJ rcr,----:tce s;'ec:ficati-n prtrix is

prcsrz•td i.. r ; IAe .. for iIl1str;:Inn only.

It does nc? rcrc'cnt an% real prohlcm or terrain.

and covers only off-toad rertorsance character-

istics. In concocting this sanrpi. the opportunity

%:q% tiken to injicate that the variation in required

c'.aracterisntics with terriin 3everity n**d not follow

the same trends as do thosc of any one vehicle, with

the result thit in order tv .eet the spec!'ications.

designed perfor-tances in sone areas may he in excess
of those renuired, as a result of steps ncccssary to

satisfy requirements in others. The same inform3tiorn

could be rresentcd in the foru of curves and families

of curves. The concert of the Matrix presentation

is that. by and lar~c, points of probable controllinx
imrert3nce are :ve, r!ther that% t!e 'iprletv

spectrum.

I

I
I

1
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A pretotyr-e is c-Jrrently s..bJe:t to a wide

varietv cf .ests !,y nc,-.erL' or anizsatic-s. "t 13

tested 'y its builJer, deV-On•nt•tcd and b-itefl

checktd by t~e devel-pinp azeny, and formally

tested by AMC's Test and Zvaluation Command (TECCl4)
at Aberdeen Proving Grow-., nd at various of their

field st3ti=..s. It may go en to ),e loaned to

various interested user beards and field groups,

and a few copies m~y be put into the hands of
troops in the field.

Some recent contracts have called for fibri-

cation of and limited testi-,i of "test rigs" prior
to b'.;lding, prototypes for forval testing. Whill

on the face oi it, this adds time and Aollars to
the process, it in fact saves both, .r allowing the

contractor and development agency to rheck-out and

debug the design before submitting it to the rigors
of the complete test regime. The vehicles whicdh

do go out itr TECOM4 testing thus may be "second

generation" exemplars, with a :reatly improved
chance of survival f5issom, 196S; Morrison, 126S.

Once tht vehicle is released by the develop-

Ing acencq, further testing is now primarily the

responsibility of TECOM, whose aim is to provide

sound, objective, timely, impartial, and independent
evaluations. The complete TECOM test program may

take over a year, and, for a typical cargo truck,

will include enginecring :tsts at Aberdeen Proving

Ground (APG), tests by the Armor 3oard and Trans-

porc.tion Corps, and tests in Arctic, tropic, and

desert environments (Sisson, 196S).

The tests at APG will be concerned with

performance, durability, reliability, maintain-
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aý1 . !ly. 0, r~tnt.rr~ab:,I ily. v.;lnerxý Ii t o,, sazi.,ty,

a nd fA:n faCtTcrs. 'Vie atte-•,it is ra,'e !, Jeteryorne

a%:erer nce to t?7e original ':)',, and re ven l.1y has

furhoer .eren cc.-,'licated by t:re need to cbtain

data for deter-ininR awards and penilties under

contracts ,avinz incentive :Ialises for .!,e achieve-

ment of specziic objec:,.ves. .he opportunity is

alsv taken t 6evelon data f-.r u.e i:n future design
work [9cNeil, 111551.

The fundarlental weakness of the syster (rem a

mobility viewpoint appears to be that the designer
and the test arency each rutst m-ke their own

interpretation rf the 0,:IR; the one to enzineer the
design, the other to devise and coinduct te:ts

(Sissom, 196S]. The built-in dangers of this are

all too apparent. Proper testable off-road perform-

*%nc specifications would, of course, make the
basic procedure in relation to engineering tests

of mobility more rational, and also, incidentally,

make them more difficult to perform.

The same problem arises in field tests of
various kinds. The testing group must interpret

the QMR in operational terms which may or mar not

turn out to be the framework within which the
vehicle was conceived. Computer technology has

dramatized the fact that an operating system

consists of both hardware and softuare. in the

off-road vehicle context, the vehicle is the

hardware, and the software is the operational

concept by which the hardware is conceived to be
capable of handl'ng the stated problems.

As a simrl: '-ample, ana!ysis o. cno cor.lete
protblem, includits. overall cost/effecti;'eness, may
dictate design of a mach;ne which can operate under
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e~ r r-~ it rr r,%' na P j

a rd i f t"e e % , :!., t C-C " iý I r .YV .- A I' ri;U ate .

iiiis-j t r2 v'e•icle would 1nLe ,vct ýe arle to

rrerate in the stated condition5, wihout tC.ese

aids. It would, accor'1 irzly. !' ratently

ridiculous to fault .le ven:ccle ff'r thIs la:k Of

perfor-ance, and Yet if this -,..rationil ccnrert

were rot forwarded with he test vc:cle. as •4t

of the nLstr, to be tested, t:.c t¢ctinr a3:enc

c-'uld well becoe annoved tv the ve'icle's a-rarent
shortcomin~is.

Throughout current testire prrt.rafs. the

moonlity of a vehi:le will te testeJ by reans of

drawbar pull-slip tests in a s-all number of simple

soils [TECP 700-70n, 19(14,, and its rerformance will

be qualitatively ohservel in a numher nf available

cross-country" courses. It may he submitted to

KFS for trafficability testiri [cf. Pus:.. 196Z!.
Comparisons may be made of the resiilt3 to obser-

vations on other s-imilar veticles, and to whatever

level of mobility specificatons were initially

provided, hut as of the moment, there will be few

meaningful numbers. 'any results will he hiuhly

subjective, varying from enthusiastic (pre 4 ect

officer, builder's public rclations offi:er) to

cool (blast test personnel %ho have never seen the

vehicle they could not stick, or break up). The

mobilit7 of A given vehicle Lsunlly 6iffers in the

opinion of each observer according to his overall

vehicular experiences, his 'asic objectivity, and the

environments in which he has s-,... the vehicle operate.

"•ore often tnan not his opin:on is influenced by

772



4 -

It

the &-.arpnt frequsncp of 4,puobil:ationi ?e

has c-'se-'ed, without retard for all circunitar-ces

or fcr relative perfcr-3&ncr loweli in "go"

conli t ions.

4 In an effort to lay the groundwork fcr m-r. S
realistic evaluations of eJuipnent mooility, a

number of eultivehicle field trials i!: natural

environments were conducted in 1^61-1963. T., e
field conditions were selected to represent broad
climatic/environmental sreas: the trcpics, the •

desert, the arctic and subarctic ir both winter

and suimer, and temperaite areas (Swavo Fox I, 1163;
Wheel Track, 1963; Bog Busters, 1963; H{arrison and

Bischoff, 1963; Swamp Fox II, 1964).

The tests werp of two general types, exerpli-

fied by Swamp Fox I and II, respectively. In the

first, the test vehicles are operated in perform-

ance of a sample mission. In Swamp Fox I this was

to proceed over the genezal route of the as yet
uncompleted sectien of the Pan Axerican Highway

from Chepo to El Real in the Republic of Pana.za.
In the second type of tests (Swa=p Fox 1I, for

instance -- also in Panama), the vehicles are
operated and/or tested over relatively short

courses in tVe vicinity of a base camp. The

courses are selected to represent various types
of conditions found in the general area.

The concept of ixamiing vehicle mobility in

the total environment context is sound, providei •
that the objects are sufficiently modest and

clearly stated. In particular, m-uch can still be

learned fiom mission-type exercises Involving
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hogsueneous,* c~ t'ibjls* fleets of dovelo",d I .
military Yrhicleg. ?zth the enfrrcl-~,1rt #nd V.s

'ehicles a~d c-,eratinmal crncoe-'t' are tested tr

SUCh In cperatiori. '*e t.st *rsr, sho.li, N-_rrvvr,

be p.evIcusvY examtined by vJli'i•¢i'll7'e

*nvirnemntal teams mod c'a~sifed, i-3,far :s
fuasible, by all available Peeas, Incl.ding to.e f•
based upon #echanical messurements. W.-mbers of

the same teens should acccupany the exercise t*
observe and record results and interacticns, %t

should Rot erpect to collect extetisive environ-

ment~l ,ata during it.

*A group of vehicles (of various types) may
b soaid to be o0o00*R#euo Ebes seen type has
approximately the *a* generftl perforvsuce level i1
a number of diffsreot terraiu types of interest.
It is evi!*ent that if o0,e ty;e of T*odid. aselg:zai
to an operating unIt It sig*.ficastzy less mobile
than the -set, the o;eratiom must be geared to Its
low performance lesel,

The various types of vebi1,s witbln a group
say be sai.d to be oonveti•:a, .rom a mobility otssl-point, when they can be used over a Civen pat• In

the terr2ýn x7pem of interest emseUtia'lly in a-i
order. This Is isore easlly understood by eozaider-

SIng two zaacbine which algat be laclided In a

homogeneous fleet, as defined, but which would none-
theless 101 be coavatible. Two each, ap.•roxirately,
would bo a good "f.CfRl and a resent 1'9eep.* Vhile
both might Just negotiate a given virgin stretch of
soft ground (and would -*e*ce constitute a bk'2ogqeeouei
fleet for this particular terrain), *.' Jeep vorAI4
usually be unable to do so after tle Z;l had iles
its pass or passes, leavviza ls:re ruts and a vastly
destroyed terrain. The OT3P's performance, 2a the
other baad, vould be generally unaffected by prior

passage(s) of the jeep. A similar situation could

I, I develop In lightly wooded areas, where the Jeep
might readily thread its way throrgh first, butj f~ight have extreme ditticulty negotiating the stumpsand fallen trtee In the v~to of' the larger naca¢loe

(Euttall and Cobron. :96h).
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1k* Sre Still ra~t ta t'ýe -ýIt U-ere :r
dir-ct, ccmparative eval..tici cf a large •n.er

of wiJely different Y-hiclei :a& ýe invthlrl i>-t

instr'-ctive. T$is tye of pr¢Riam is test ccn-

duc:cd in a base-ctnr t)'e of onerati-n. It

probably reed not be dore i, esrectslly reaote
areas. Adequate aralol situstions can be founi or

created far most of the signiflcsnt trat-ii

features of an environment in re'atively accessible

locations, if these features 'ave teen determined

3nd adequately descitbed an- reagureu ý'v competent

anvirormantal survey teams. sse-cami uultivetiicle

evaluations which for some srecial reason (such as

cadre training) must be conducted in renote ratural

environments should he thoroutnly planned well in

adyar j on the basis of sound environmental data.

Th se must include both general coverage of the
broad area o! interest. And the very particular
information necessary for the selection of valid * *
test courses.

The problems of evaluatin2 the -obility of a

number of different vehicles by means if direct
comparative field testing are more complex than

might at first appear. The environmental vitw- 4
point does not. by itself, guarantee meaningful

results. Sensible vehicle test technioues,

knowledgeably applied, are also required. Obviously
these are not matters which can be left to take
care of themselves in the field. The entire I

exercise, from planning, through conduct, to its

wrap-up in meaningful evaluations of and general-

itationa on the vehicles and environments involved,

requires a breadth of viewpoint and competence

whica, is ju;c develcping. 4
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"1q G s'..tioti. of *q1 PP.•.L0e,4
rose* is -ilioimv rseed... It *Ajppe~
i% *er •/oomel.. h ti.r4 truthk oef t&ot J If o:#!q :'!,$m jqeot' :V SO.-f% At 94 Cq 9 %#
P%1%J# o!p :#vaers oilo Iseirve tyI apop',ie--o
ore too 0o3q Jiluwti to thseir *Ag0g0g0re,
who 4u06 "0heip c 'r L VOintery.,

- NaerAei4i, JA.

The point has been taken that off-road
vehicles, and grownd-crawling machines in general,
are an old business even though study of their
off-road rerforsance wit~in a forsal enginerring
framework is not. Progress mad. in the past ZS
years, both in the deve!cpment of the technoloyr
and in the production of rractical vehicles,

whether sired wits the biessing of formal te:h-
nolgy ofr not, must be judged in this contest. It
is not properlty gauged against the never, mre

glamorous engineering fields but rather against the
progress of the auto.obile itself, progress in
structural design, ship work perhaps, and in other
similarly mature engineering areas. Horeover, as
in these other mature areas, off-road vehicle
progress has in part been the result of improv.$
general understanding of the problews per es thO
availability of better Uaterials, &Rd the overAll

advance of all technology, as well as to the match
of its own particular technology.

So judged, the practical advances of the past
2S years appear acceptable if not exciting. There
have been no "breakthrougs," either in the
research or in practice. As a matter of fact, one
of the major results of terrain-vehicle res4.rch
bas been the clear indication that there probably

J7I
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will not be tany breakthro.;hs. n3 vatic soluticn.,

11"ut rat'.er c-ly continuing v,!-st year- 0y-year
gains. TVis Is to be ex'ecteI in a 'ature fielI

and kes not neces'artly reflect u-on the quality,

of V-e research. Breakt'troughs Par, -rooably will.

occur in the goeral field of of!-r.a•d trranseport ,
but they are unlikely to cow from research which
is focused solely upon ground-ctawling. Wen a

breakt'hrocuh dces cone, it will come from work

ess-'tially -nrelated to stuJy of the intinate

relationships between the ground and a vehicle.
Advanced fround effect machines, or still more

reliable and effective helicopters, for example,

may ultimately prove to be tht best solution to 5

the general off-road problem, but such soluticns
will lIe outside the envelope of limitationz, real

and arbitrary, imposed upon ground crawlers by

rhysical laws, by the state-of-the-art i.n

supporting technologies, and by economic considers- , *
tions. Thus, the search for increased ground

nobilitf in our military vehicles Lust rely

essentially apon better exploitation of available

techiology and' on the demonstrstion (if it is true)
that the currently accepted balance of cciflictinI

requirerents which limits that exploitat.on is not

optimum for tho new jobs which must be doae. This
is a systems analysis job. It is naive to believe,

however, that ascn analysis can improve the
situation by anything like the order of magnitude

that a true "breakthrough" might achieve (4.itch and

Mclean, 196S].

It is also nasre to believe that our current

vehicles do not already represent a high degree

of optimization. This has no: been achieved by

217

S_ _ _ _ __1 ______________________________



4 S

forral :-sns, bt the ve 'i cles we '•avv ;e te Kr

4 result of a kind cf Aarle'!lace c-Itimizaticn, a

cnse,is 5• ,f experienced snd respncsitle p'c-,le as

to t'ýe prc-er cc"-roolse tctveen %hit is eSle

a.ld w'lat is tec1 .niallly.T eccr.?vicallo, f(rasi e.

The tern ",1n'ersal" Yehicle has been wic•lv tued

to deroate earlier efforcs at reac'ling an cpti",m

military -achine. The failure of standard military

vehicles to nezotiste one or anither difficult

stretch of terrein is frequently cited as the

result of accepting a "universal" answer. Clearly

apty machire, optinized Lupon any ýsuis except the

a achievement of absolute aziwu, mobility, will

sooner or later encounter similar embarrassing

situatxcrs. This is t~e nature of cptimizati-n.

The crux of the matter appears rather to r-e

that current vehicles are optimized, perhars uost

often unconsciously, but swmtimes, as in the case of the

KBT70, deliberately so (Watson. 1956; Shiovitz,

196,i. for the type of terrain and tyre of c~era-

tions -",ch are currently anticipated if war ccsa * *
to Eirope. It may be said that the current

vehicles ,-* optimited to a high degree for

European -:,orations as foreseen by our military
establishrant.

Our present concern arises from the fact t'iat

we ncw recopnize the need for machp.nes to c-erate
in areas of the world which are quite unlike

Europe, climatically, ecoloRically, culturally,

etc.; areas wher• our "Furopean family" of vehicles

4 is obviously far from optin•m, often totally •

useless. These are not isolated spots or small
arvas requiring "special purpose" vehicles, but

extensive segments of the glob, where the difficulty

4 78
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13s a--Le.,t and vhere our est standard Yehicles, 4
eve, fIct i,-nin;, dO so t 'o Clore, to the

r3;jed e.,4e, too .Rjc.* of te tiUw.

T'e tr,%.e proolem which confronts us is not to

develcp a scittering of vetrJ "special ýJrpo:e"
vehiLees anJ toys, £ut rather a V:1QIe WW fanmIly

^f vw-'ing vehic"-s, oavirned and optimi:ed for

these significantly different and more difficult

cenditjo-s, and to do so far more raptdly than was [ S
done i'i the past by trial and error f-r o•r present

turcý,esn family. This too is properly a systems analYsis
J ob.

The total systems approach must of course

include such thinRs as stratexy, logist.cs (ef. CJ7,

1964; Vassar, 1964; Kulp, 1905). dollar costs

'of. 11 eyimont. 1965], doctrine, and total operational cCnceOt
(of. Hovze, 19611. It aust include alternatives to off-road

vehicles 17hilippv, 1964; VNEA, 19651, ,ncludin g 0
airraft (cf. Htunes, 1965. and various levels of

engineer or air support of vehicles having lesser

degrees of off-road mobility tha. may fro* tim to

time be needed [of. Kerkering, 1964, 19651.

Assuming that a study involving all of these

elements still dictates hibilificant roles in these

geojirephic areas for off-rcad vehicles, then these
roles rust be specified quantitatively both in

terus of the job to be done and the terrain

in which that work must be accomplished. It must

also either assume or develop a generalized value
system In which dollar costs can only be one
factor. To be realistic, both the mission profiles
and the value systems viii still have to be spelled
out in relatively broad terms because, slthcuth p
theoretically possible, it Is in fact taconceivsbla

I
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for Ote rtlttarv to have a separate vehicle

tallorej to every rew si"jati'ef.

The systers analysis Ptst be srpForted by

valid cerrain-vehbicle relstintshirp Pnd w.odels

and by aJen-#.9.!. ferttr~ent terrain dsat transljste

or at leAst translatal'le, into thc ipecific

engineering valtes needed in the terrair-vehi.2

vesetsusonip moool,. M4eans for acquiring snd

presenting such data have been Jemonstrated in the

MEaS program and there is slready a grcwlng body of usefu.l
data [o'f. ?uls et al., 1963; Mills and Clasgg, 19640;

Kennedy and Rush. 1965; Leighty, 1965; MEPS, 1966:

Rojenasoonthcm. 196rb: Slo5 s and Lassallne, 1966; 6assett et a2.,

19066 on srecafic pro,'leu areas, Lo'h geographic and

technical. M!eans for gPnerali:ing this typo of

data are also under study (Ifcldridge et al.. 1966).

Systens analysis must also have available

the Zeneralized state-of-the-art in vehicles and

components and include full consideration of

other militarily iwportant factors -- -such as

*, durability, reliability, and mai:tainability

which have rivaled mobility as elusive concepts

to quantify.

Of ll of these. rerhaps the quescion of the

ultivate trade-off value system is the most per-

plexing. Indeed. this is the "hardest part" of

operations analysi3, which as a science hAs aide

great strides in analyzing naval and air warfare,

but is still "far from having a good grasp of

ground operations" [Hazelwood, 1966). It

coinrcial operations, dollar cost is paramount

Sand the elements of cost to be considered can bWI!
easily specifi¢d. In ailitary operations, on the

other hand, the value of a few miles-per-hour gainI!
, I
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in s-eed. 3 fry miles shorter ro-its, or a fry rer-

cent l-ss :.kel:i',od of bozgi•.; :&.nnot act.ally Es

redjied to Jilhars Lnd ztnts, salt'.ugi Indirectlyv

.his ij in effect d--ne reguiarly.

Many of tCe elements of s:steas analysis as

applied to off-rosd vehicle oT.ration have been

tackled (I.f. Paterion, 19$7, l91;" Dekker, 1952;

Davis, 19S91, and Its feasibility as a preliminary •

to off-road vehicle dtsitz ha.3 recently been

demonstrated in several published studies ef. f- us. A1

Bakker ant, F-itterworth, 1764, 1965; Ehrhi- et #1., 1264;

Fielding, 1?64; Sutton ot al., 1964; Mettam, 19641.

There is na question but that, vith the Prover S

degree of realism and accuracy both in the models

and the input environmental data, the dervlmoent

of so,=d vehicle design targets cam be done rar•dld

by this route. It bears strlssint. however, thilt

the answer will be little better than the concept S

sad realism of the complex mission grofiles u3ed,

the accuracy of Lerrain-vvhiceo relationsaips useJ,

and the adequacy of the eovironmatal data used.

Note that these repro.;eat three distinct types of

research results -- operations research. terrain-

vehicle research, and envirounmntal research.

Granted then that the systems aisis as a

part of ground rehicle desiu. is feasible, desirable,

and needed at this moat, tow shoald it bU

implemnted? Where does it fit in the overall

design procdc ret? Who should do what? *

The broad systems analyis which considers

all alternatives, incluaiag ground-criling

machines as ouly one, which includes strategy sad

i81
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dc'ctie c-rs~' &.1Ld wh.ich f~roulites the

S~4

overoll r-ic. ;xfl!r,- is clearly sn operations

analysis f.nc:i-n. "'ara-wtr-c engineering .Cesirn

studies a-d drtail.•d engrinepring design are as
clrarly the r.-s-ncnssbilijy of vehicle engineers.

There is a grsy area between. This Is the

essential link between the two, the cataloging of

the absolute manzume of mechanical constraints cc,

and the reduct:on ta quantitative englaeering

"tcr-s of the p•rfcr2&nce-t*rrain matrix requirea

oi, Ole ,, .f it is ssttr:.o:,

match the aission reqtirements. This is a

formidable assiriu'nt. It appears, hcever, to

be more nearly in# f-.ction of an operations

analysis group, perhaps an "interpretive" opera-

tions analysis group, than a part of engineering

design.

The vehiclt perfornance-torrain astris in

enaineering terms 1ecomes a testable specificat,5A
which the vehicle engineer can use as the frame- p

* * work for parametric engineering studies and szbse-

quent detailed design. When the vehicle is

offered in metal, it beconvs the buis for judging

the success with whibh the vehicle ear'eeri•sg has
been achieved, and ratomsaticslly designs the first

round of tests to whi•h test beds and prototypes

are subject. T.e adequacy of ths testable terrain-

performance uatrix itself should subsequently be

determined by field testing ¢itkim the e'pe of

the op•e~etionaL doeotre dooe•oped by the nit•¢aZt

4 opers•t~.w, a3x qlvet.

3oSm such clear divisiom of labor would
€ccomplisb a number of sslutary taings. First,

it would place respoosibility for correctness of

S281
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~. £~:V~5uf Vee vrertional situati=i wit!, asi
cpera-s ~ ~ ~ ~ 10 In~ss r'~ ~* turn, wviuld bef

forced to ýCntri so-;-d operationS TOSCsrcý WKd&1a

'Lid aet~c~di* sad je'ýuate, -iaiid. envirc'engtal

deta. It woujld piace rvsponsibility for the a.ztzial
wc!hznical !T;ijin of &an cltison mszckhlne to mest

Performance specified ta engineerins terms wholly
with an engineer:,ni gro-.rp vw'o, Is turs, would be
forced to ;euatnd valid, accurste, terraisi-vehicl. I
technolc~gy. An.d incidentally. it wo-ald get tbo
angi:4cers back c'n t'~e drawing br~ard where the.y
belong. ev:q th~oug playin'g at Ito.ra1paers.

4 eCcologists, CT hTrn1V*logSta is #videtlktI Nore fUn.

itsi



'Pis curren~t sa-ze-o -t-e-t of destra of
ni•lit.-'T vi:1ls Vi• f,'tw-Zaelv, W,,kwst in

whic2r_ a field t.;,jare&nt evvntuallv becumse 4
4 V't~~e .'-s~ fo~r Vr~:t ~ i."is coauittee-

ridd'-n process is ciaracteri:ed bv a c€tungliag

of reset.rt-t &d ctsicn, ;ack cf job Jivisios asles
sound profeasickrzl and furicttcnjal lizes, and partly

as a restl?, lsck of testable r-rforamnce spdc-
fications, end .ce cf clear lites of rrsponsu-
blittv for various asrerts of t.he succeass of the
final product.

This situaticn ex.lss wiether or not the

probles is to derelov a nev "second !sailyl- of
vehicles, :he ext .enera:Icn of the current

Ev-peatn fanily, or a single srecial machine. ta
everr case, ;tren•.thening this procedure is

essential to ti='ely Pro•-ess, including the

accelerated generation of valid, respm-ible
SO 4• terrain-rehicle research results.

In rmlation to groumd-crawling vehicles, the

objects of any alteration to present design and
development procedures must be to recuce the tim

41 required to respond to a valid field requirement,

and to insure that th•e hardware developed does

itdeed veet it. Ersential elements in a working

system, lacking in the present process, are:

1) clear separation of research and Jevclc-
Smeat zctivities from the "rLquiromeatsO design

line; i.e.. a developmuc should not be under-

taken in this l1eno unless the cvmpleto r9euire.
msat, omce properly stated in quantitatiwe

engineering terms, Is withia curreat #ad I
tsalistically projected technology;

2234
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Z) divisicn of work of the reouirments iino,
along scunnd professinal and f`.-cticrsal ltnes
with definable Interfaces; i.e., cperational
analysts should not design vehicles, easi-:
engineers should not have to becose

geographers, etc.; and S

3) assignment of definable responsibility
to each functional group and means to measure

its performance.

One simple and somewhat obvious organizational
sche,q which night rest the basic requirements Is
dia-rimed in elemental fern in Figure 19. Only the

most important feedback and communications looes
are uhown. it segrets:as three separate lines of

activity -- requirements desirn, components
t'•evelopment, and terrain/performance research, the
latter including the design, constru.;tion, and test-

ing of *obility idea vehicles. The diagram illus-

trates their natural relationship, and s clear
division of responsibility alcng functional end I

professional lines. The prc--ivsed realignment of
responsibilities would not require a sweeping
reorganization of the Army, or of its general
development procadurts. Rather, the proposal
c!osely matches the current Army RID orlanizatio.
It envisions only certain simple but fundaaental

changes to assign clear responsibilltieý to various
organizational elements, and in the prbcess to
limit the baleful influr-ce of interarganizational

coamittee irresponsibi lity. •

The first division proposed in the require-
mats design line is to place responsibility for
qaantitative, functional vehicle specifications
(only), to met a mre requirement, entirely

Swith an operational analysis group 9
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aschinv i.is cili fii. 11 so, ii s lgtv%3 to
ua t 'C i• O.I 5.~ VtISi7*ft

"tecl.".e , 1c *u~le d f vo. lc p an cs , ratic-,, a c2n•rpt

the r-'eeFon,•aar in ttstabls enjite..rings terns of týye

vehicle ree~ed to aplreant t'ts p1,4.. An incevpletv

illustration of the ty-p of parforsance.tvrrait
matrix to be developed wes given earlier In F'1g1?e 0
13. T. e,'eratienal analysis Creu" would also be

respoisible for tie iev-eopent of an absolute

mi inum list of essential 4efirn coistrzlts --

* . tru ezzi•'s veigh" and/or ,Aizenslcns as linital

by heltz•-vter lift, for example, asxi=mt proiuct•rn S
cost if this his influenced their •o.rational

Sa&bient atamospheric limits., special

environmental problems such as fungus 4ttxck or

corrosion which will be encevntered, etc. -- and,

where eoprrpriate, aniua3 armor arid armament •

I 0 perj'e-wnee features. The cperat~sial analysis

group would not only provide the t!stsble off-rnad

perforaaice specifications to which tVie reticle

designers would be hold, bit also be accountable

for their adequacy in relation to the field job to
be done by the finished vehicle.

In the off-road easign context, a)l environ-

watal research womld accordingly becoz of

interest prisarily to this Sroup. This group would

also "9-uire the support of research zo develop
realistic operational models, to iarw!o. valid
terrain *od&Is, and to de"lop -envrallzed para-

uitric informatlon on the state-of-the-art in

vehicle design. 9

-q,



T# d-- ii:7e;- -eirf:r .. c...,ram!r matrix, 6
c nstra'-t-;. 1ý-cticnsl features, k-d tý@ c-,era*

wcule ter f,7-Wrar1td to V-9 vehicle development

aloncy (AIV). ..io w-,i1J have soet rts-7nsibilitv

for "_eetin ir, an r-i.*~ch:.,lza' configurat~vn
the test 01!a -perf-ra-.rce i.-vc iftItcns withir te

given constraints, or for re).-~ting the job at the

outset as be'rond current technology.

If 0,r v''hicle e";ineers determine that t~ie

Jo4 as presented to then ii feasible, they rert

develop the c-:iur. rechanical clnfiuration in 0

:r*detaillei piranetric and engineering design
studies, and prcerJtd to tesign and fabricate test

models with a mirih-um of further ;,slaver. If they
Jecide tVe rachi)eo clled for is beylrd The state-

I4 of-the-art, th.ey return their studies with -i:nr

enalyses to the operati•on groupn, who may then

either drop the catter (as a ground-crawling

vehicle), roye the project out of te raqvirements

line into the ID are#. or, upon restudy. itait ,e

t

urevised s ecidicatucrr In the same try as before.0

Terrain-tehicle research, elucidating the .

relationships between measurabi e terrail features

and vehicle pertornanct, would be conducted1

I areelo in suppor 7f the mechanical dasion effort.

An es,ýertial fecture of the terriin-y-ehicle R0D,
cu'rrcni wt.oule be its active partici-

pation in t re initiation, planning, and testing

of "idea'M fteicles, with the hoped-for resuit that

ma*ee nobitit ideas will becdom evident iA their

ranks than has been the case in the past. r[

Off-road performance tasting of vehicles .et

and requirernt:- line would be conducted at t'o

71:ri~ijL: , inspe--. h ehaia -i~ fot

n ee o -,

XW 6._
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4distinct 1OWeS, to Zoe (T!!cl). T"t first r--.Md
of tests would be ceaducý:_' eatirely in relation to
the test&a1le porforsasco spocificatic.is, sad v~w"d
detersits whether or not t-heso had b#.. ast by the
deuign sgtney. Thea.e tests would n~*tatsticasly

* ~check t.%. validity and accuracy of the@ terrain-
Vehicle rvlatioasklps used I& the desigi. It
these sh~owed the vvhicl, to be satisfactory. It
Vould proiKeed to other eagins..rinj tosts of primary
Importance and to field tcsts -- .Zet ig th the
oiporational doetineM witin~ whi.h the !sst4-bls
potfo?34W04 speeifieetione vitro comoseied. 'a h
field tests would be conducted according to thi*

supporting doctrine and would aeterx~ne whether or
%aot the vchiol. gwmd deatr-ina mt the origins lk

""unctional rviniremaut. In the pro-cass, tbe field
ttest would cverk the validity and accuracy of the
terrain "ad operational models used.

Such a system could be expectod to provide *
* 4faster and~ nor* reliable response to many field

roquiiTiaents, for vvhicles by zeparsti~g RID) free
the specific requirements dtrsig3 line, and by
establishing quantitative specifications which
limit tho power of across-the-board comittees

* of changinl personnel to meddle ccastantly wit.h1
thes work In progress.

It could also be oxpected to restore a seas*
of respon~sibility to vehicle dovelopment con-
tractors, who would, like the gorernment design, 0

* agency, be under the gm to meet truly testable
spiecification~s once they *ccepteA a conatract.
A&d It should hays a salutary effect upo all
relevant research efforts. Hlaving once boom asked
the right questions within the framowosh of a
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*1.. . .. .. -• , *__r

!ie'•gn ýtcerntd w,10 ysins tt, ;?etdict the pr'rf.r- -

swave teen varia•d and s-,, st first l1stce, LYS t.o

results. Etch systra i-S its aaeor atS, .iowever,a

sugegstint, since thiere is evly cue reality, that

the differences Lay not be as great as they *,-pear.

Acccrdingly, it is aastr-.ctive to derive fr-.- ea<•

as index of limiting perforuance, and to compare

tho r&sults.

In the following exercise, the nonizal Lmit

gr5'O'd pressurv of a tire (or vheel) i atrbitr•rily
defin±ed at

W, •

4 vwere W1 - the (average) gross load
carrie ca a slngle tire (.b)

b a the undeflected tire sectica
width (in)

r - d/Z * the udeoflected tire
radius 02a)

1@'\ e •biky 'co

An a result of extensive tests dwring WWII, a

series of g'jidelines for properly sizing the tires
of military vehicles were drawn vp and ;ublizTd by

* the Engxaeer !-ard [U:rnd, :345$. Ccasidsr~tics

12 tire size slscticn iaclu-!ed noraal i'••.Aq r)

sad low presmure (ofL-rcs•) c.erati~s trva bct
ggo fo nobility and tire ec*%osic viesroiat3. :%'4
coc~ept of' an optisoz lo~d &ad U~flatica for a

*I'ga site of tire is a gim service was advsaxd,

&ad a ratio developed to express actual tire l*d-

L tag In rolatios to t~e suj,-sted atirso. In the

Syars SiU:e, this ratio has bSea called t2he ITUI-&
Xobility Factor.-

-~k JON -,~

-,-1

""* "* +?• - - • "' -'' ... "'++'- '"- "++ S



ax--c- e.c -,f a s.,ngle [oad-1i'f lat.cu 3chic.459

EY 11'1k:id Ctlicz *r,4 Lsvic to all of t-e
Dcltesý-u1u), &as follows-,

i.6 d S 'bl.9%

r nicmiaal rim L4aseter (to).

For a mobility Videx of N7, the optisium tire load-
ing Ctt a carrtspcrdina 1'nflstici) is 11ty- ~',ý:

or

d¶JGP * 3 24r0-1

for couiontioinuall prcportiozed tires (b/d * .3S

- 0.30; dr/d - 0.S - 0.41 the optimlim WXUP reducesH

1 ~~NUGP - 0.; d0-83 (t 1.31)(1-.) * S
* I Note tba: rimpie dimensic%4i reahoU'zg would

3u;gsst -zhat a lani~y oi sizilsr tiris wu-ild h~rv

"PUG werie preportionial to d, sad in haocciueo':s

clay terrain if WI?~t werv c1.1stlAt.4

Over a uods;t Tvuge of 1catdlzs itbore and

Beiow thie cptintw, t-4* Etltd 17bbility ractor is
approzinatsiy theo ritio (in P'scant) of the s
optism= h-JCP to the cctuai. A sobility ia%-.*x of

* ~less tkaa IGO percent reprusents an overloaded

tire. 1. C. lerr ha~s stated (1154 that:, for rzwre
-vtoesi. wal"u: of the mobility fector "are raasoin*

ably close ro .;oaarativu actusal tractive

* 111-2

11 S



c~~~vto put ! .>- ---34.t Factor ! ai2the a f~ur

parr~s-ma tv avrs o t-,@ a ctor1 (as a ratis f,

rather 04ain usprteut) rAyv be used, at the expe-nse
of se~q of the $ratesnCtal glina

no. Va160 of this r-viie3 :6cbxlity factor Me,') nw

daaroc~ie. with irprored 7er:.-7.snce potential, as

do all zf t-he indices [:11owirj.

z* ~~ S-Pu' ~ ~~r~~tvCrtteri'-n

Ila suvoarizing their Sa-ress traffic-ability

published ývo simailar ragr.*&sic- souaticas -- cr-9

for uhso1.d vehicles L-'d cne fcr tracked it-iicl-ls -

S L~or calculating8 a "-acbillty izdaez from b13icb.S

using theo cu-wev rvprod.-ced here rzs figure 1-
soil strangtk requirsd by a given rohicl, to permit
it to make SO ;asses in the* same ruts could b*

*Sti~.tOd. TIe soil St-,-c3th tý344 was th* 'rztin,
4cons !n

4
ozx (C1C) dotoer-inad by the* come pomt-

trcr.tor "z associstrd r.i :7.e ) -'

19S~rJ. The auimam Value of ratin; cCMe intiox 1.

req~jired by a ruaicle wits torved the "vskicle ccas
index' (YCIC). The mobility index equation for

wheeled vvhicles, which will be used here, b" s iii:
been sooifi*d La minor wals a numer of time.

The latest published Version [YEA, 13131 saY t'

V11-



* • 0 0 0 0 • •0 0

W x'S.-

x I 1

x fe x f.(~ -2 1
the avera:g slNP~ cssiiei-j

te t ross lvetit to be *."-rlisi

evenly amons all tires (2si)

a e number of tires

a" a nuaber of wheels (single or
dual)

CC grC'.:nd clearence (in)
and CV a a weit,•t factor

WO.S if Y C3rus

a" 0. if 2009 '(17M 449
- 1.0 If£ 5909 4CW•• q9999

- I.Z if 13,000 (tGV Y l?,2)9

a 1.6 if 209000 GV, 4341l;2
a 2.0 if 35,000 4CGlf 449,•)9 ,

C a, I.C$ i~f chaints are fitted•, 9

f 1.00 oterwise-
fo a O.S if Uh/T 4 13, 1.00 Oth.er- t

f ,, L.OS If mechnizacal 'trans-
missiLc, 1.00 if hbdrauli¢c.

Evaluating thi? equation, and translating It to

VCI values via Figu~re I-1. for a vide ra.; of

standard and eaerimental vehicles show ,Ast for

practical vehicle comfiguratiotu

VCZ m 4 UCG? # 14 (t S) (UI.2.)

i"

111-4

7?

• •..: •.• -•-..•/• . .. • • :• .._ ....
';,,

- -• " • "•'"". . . •" '
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** JAII

lFig W-1



Tris 0- 0-1p s-mrm &,A
cfWItss fw-eg

!a f s dsr. ,-,; t n s i - - s t

A.Nov~~- 7O1 .1 06oovefrwc

3.X 5X'%J - - 11't~ Ye* ~ s c*Iz,~ sa0

sad C th: srtrage tra jeunt or SIC--* of

thei crvof c-m gtrati.'- n nat

six in~o of Za.d (-Si/1A)

tirs Cmtsct 'stc.h at opors.-al2
load szd ifl.sati' s rva bhrd

4 ~surface ('4).

The field WOrk V1. dis* witl tires of coevuaticnal
form so that no contciuisics could be datv as5 to

A vor. recent ccns~lidatL2~ of 1235 labotttor7'

basic nuinric for snad:

5 '' Gb'd1#3i

where A a the ritio of ?as'isl tiri cýeflsctics at
01"rst~ia La'd gad inflat1ia C-3 a .- *rt
surface (5) to t±rs sectics heipI

* laT coiparo t!:* two. noto that I
0 .5 1 ZM tT 1i.64T (I5

vbere S*radial tire deflection mastzrod
asbelore (Is)

0 h a tires setc elt(n

a fra ie srsso trs



'I S 0

4t

Also, * .'r t. 0 ir-ws !sited ~to5 Vie Nol, I C16~.

;.batit it ing (I! I-3. 4) 1 a 1- 1. 1) 1-31d CO-0rlag 13

Ina order to obtain a 2iopl* perforuee ia~ox

from rit~mr of thase ausioulcs, cawtidor the point
at %hich slo". cliabing ability or drpvbsr prull

vw.nisaw.Causider also thst all tires erg so
Inflated as to prrvcuc a doflsctili a a 0.2$, which

4 Is a ;-ractical asxitia Por reliable slow.spo*4

aperation. Fr,= ta.- publis~od data, the critical
valuer of t~.a, losZI.4 iinarics are,

-4 (Sint1. tires iA the (111-3.7)
laboratory)

Su~bstituting and solving f,3r t~o correspen1diaS
critical san~d str-ength grtdiants C, sad G%

G% XWGP (...... ZI5P

Freitag has c~zor'rod atht t!h. field tests woere

* Ze-*mrally ?-r= in 4~np saxds ha*ving sme sligbt
celtesirip srrength, %tailo Vte borozorr tests were
in dry uad. 41% sheuld to noted furt~k*t that the

field tosts Involve-d coplet3 vehsicles withk two or
tkree t~r'ss trackiag ms a"other. I& d~auq toad

* e*specially the Eollowkag tires is a rut can be
expected to dove lop hbiper not tkrusts Cum.a Aset

the load tire.

iA ;V
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In hi Oi t&ayo i e tetrlis

fa. clay atseerltr oa' na a.'v * r~ag ofl'

aloct fra hi proliniaary *&sIkdats skove that

the sevvral facets Of uiaglo tire petorfartew
i collapsed wall on tke basis of a load nauaruic v

ITh~e valu~e of weat which drsvbar pull r,%*Ish.4

aFyear~d to be aboot Z.S from ve~lch, tahiag A once
mnrv as *.Z'So the critical walse of ZT soy beo
solved for *Ad used ii a simple pa!-ioraa~co Ia.iAd:

2~~lel a 2.S r"7 1I-4Z

ceatact tro~iction retho" Is fine-ITaiaodsel
to tho prodictica of first-ress go or vo--.I
trafficability in the saaa x3t1s ITIM, 116S).

Tbe coacluashias of this priliminary v'ork were tza~t
the average ratlag come 13601 required to jest
permit a sliagle, 3traigkt, =accelerated pass ca
level soil (a VCI1, b7 Wsflition) was &ivem for
Weeoled vehicles by

4M

1 7 VVT3MP lX4



61.
Corrviati-7ri sr'-i zz.azly!es c. :oorstctry tests

'Y) Vto~ iriti%:3 on~ vael)*0 la clsy soils &Are4
b.. r~,teJ Uf' 'viA-.am (17611. For rtctaxtruiar

5#(tic!M rI:Z4 'tes, i-n.Ar (Z) was fnuai to

foll,:w t~a ov~ressiemt 'r:-nosed ear~ior by trrt~kar

119SS1 in a brief analytical st'ýJdy of tL. probies

is the light of basic r1.sticity t"QrYz:

where q *a intifors pressurt over
the ar-- of con~tact withS
the Sall, UnIatified writh
tVsv surfsce strip lSad
bearing cipacity of tX*.
soil r711).

Lettiag *I*(1-a

This =at usefully b. written

?%uasured rf~llint resist&atce ('X) esu found to cor-S

vla*.2 well at low speeds and vp to tinktklgs of

&/-v 0.1 with the correspondin~g an.alytical
expression derIvvd on the asstmption that the
rasis'tamce Is &w e ntirely to %ork of couwrwssiou
Ca the sail: *S

Finally, traction, iasiasdine aide welt tPwtioe*

was found to agree reaso&Agly with c-alculatleias
frou the simple a~alytical m'.4e1:S

T ~c ui'(b *Zs)

III-
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mm cd

teTra C Sol., c:1.,ion (nt). 5

lLet',i.• q * *e " € 4*46.)

where Ple Is t"C bstarlg C-;acity cC-ftant

for a rough strip f-tLl, as35,mad to vary t:vC

?,• S.7 at the surfics to 7.S at Ie;q sinkase

(zilb 1 Z.Sb), and ¢ou•tt:ij T sax 1, critical values
of c'esics for vhich resistance exceeds tracti,-a

are glvei by

-iCe f... 1 ; ýc l

LL

Tho lower limit Is of no practical Inte.est i. 0o

present context because, in such weak soils, e*vYe n

though trietion is theort:icslly available sinkase

will be excessive. The equations 10ilcate that

side wall traction will effectively prevent traction
failure in relatively narrow wflels

b I

ing on !?C)

regardless of loading.* In this case, a sizka,"

criterion must control. If, to be cosistant with

tho constraints of ths wanlysis, z/d s I/9 te t&kam

arbitrarily as the upper limit of allo-%ble siaka;.,

then

mMUGF(74~

OTbic may nervly be a result of i~ApIttleations
sate IN the &analys to tanilitate sitplo Math-
matical treesameat.

-Pi



7A.. :rtT.*-t_ crt-"nWI ,Tom7 fa~r tire& kftv':g

I.e.. ',)r all -.zrp t~ irus In carrept -io.)

'Ole *.%at Wihu 51--s wall Tractics S

In~ twts Case, t-It z' is &.'ways iýSlbe.

ZvO w'ill ý.Cxt~ol. ''eý critical vS&Iu4 of soil

Cohespim is apprXiza~tely CASa*Ialf 'the &boy~e Val-ts:

cerit%,T r

for use CS irdices, szn4 with same l03s hin t

retical power, equaticns (111-6.7) &ad (111-4.9) zz'

be evaluated for si V-l~trsry value oi No 57

or, for o/d t 0.25.

7. The tLL Soil Va1li. Svvtes anid Vehicle "'j-'11

Use of the LL. soil value system and vehic.
model v'S a potential essifrn tool has ýCta dvau'-* *
stratid a number of thiws fdarrison et al., IM3,
19!9; V74ZA, 196S; etc.). The LLL soil Yslus svitau
MISFASUTIS tWO'6setS Of Soil Parameters, -se rolatsd to
sinkage (X~, a.etc.) =d t-le other to direct shosr

Ysae, rospectively. Metasets of Fsrzmtsr. ~--
treated as independeat. The soil-vehicle ;3al~
been duveloped In several #;sgrees *I complexity to
iucoiloorc~te allowanices for a xauber of detailed

* -- ~11-7
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tyWs Of 1 -h%*sV rwi1:.a2.it2 are o;

=rvfri.er- ox*a~erimentctiy, h7svryr :id it Is
• e,:•,.•e'.e ~far present 7-or-rcivs t,)•l•:•!=•

uneltborstad sode*. FVr tlres la clsy •ad sil.

soils, this gives

The motion resistance srising from soil Compacts.On

(i.e., neglecting "bulldozing resistzAce") is

, -0 =t ( %S-l.M

Tracti ", assuming adequate trwed to dOeVel sri1-
1A

to-soil shear failure, Is assýmed to 'e given Ivy

T m cb s W| tIn * (111-7,3)

where tan s a enpsrent angle of internal
friction of the soil.

The soil properties at ahich A a T sy, as beore,

Le used as indices of limiting soft-soil performance.

By fixing values for n -. and # to represent classes !1

of soils, it is possiblo to reduce tCha problex t•
that of finding a critlca4 minimum value of the soil

",nsistccy pararmtsr "I." Because of t)he sererzl
independent variables invol•ed, it Is conveniamt to
develop expressions for "I tC t" for speciilc soils.
Consider for exampe a sandy loan: n * 0.3,

C e 0.56, t33 * * 0.31. The assignment of "n" -ives

0.6 dO. 5 v(1C1

Thus, on a sinksg* basis, arbitrarily tak ng
z/d 0.3 as the practical sinkage lii...t:

*erit,, I CP (FLr) (1ln-7.s)

111-12
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Als,
it -36 W. -eZ o-

X 0

e 0n31 z" a ao.r (hII-7.a 1

T),. lalt two *•Jatiooi t;•*t.V liVe

S.-P.14 (17)no 0

C Grit, ? 0 0. NUG7 ? P

The sinka-g criterion will theswr for all casse
except vhe •Ir? 4 4.15 psi.

F'r clay soils, assune a - 0.5 aad ttnl * * 0.

Tlen z (1 7d R are as In fore (tq. i11-7.4 aed Iee-7.a )
azd

T • .55 c

pquating 7./S (111-7.6) and The (basi 7.9], tho soel '

€ *l, 0.4 1•(XI-.G) ,

S 4T skaecritorio• is the sam as for t'he ssz:y * *
loaum (1II-7.5), In order •o i•toruiae where each

€ritoric gov'erns, *ssu',e that at siakag, s/b - .*

p - 7.5 c. Then, from the basic defining LL system 1
equation p a Kza, reuwsbering that a has been tiken
84 O.S,• 4.7as .. c: (I1X-7.11) •

9 20
This, t2en with *III-7.1•) sad I1I-7.S) izdicates

that the traction criteri= (111-7.10) will control

for tires where b/d a 0.81.

111-13
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hena t.o prrcedur. is rv-weted ofor a unifors, f£t
clay 1z wvich a as 0. tSa analysis becses lent:cal i
to the ),;•£ zsaaysl. vtt t side wal: tracti:;,

&ad the critical value of cihesion 1is
C *t, O.S: M.r7 (III-7...)

4 whicO I.verns in all cases. b
g, An A~side

In section 2 of this "p.adiz. the ns equatics f
for calculating the SO-pus trafficabiliLy require-
Smats of wheeled vehicles in fine-grained soils was

simplified, at the exaense of sowe precision, to

VCIv = 4 N1C. * 14 (II1-Z.)

Similar mistreatment of the corresponding oquatic"
foi" tracked vehicles Isee %"KEA, 175S) leads to the
followiag approximate eq.;tion for a range of

existing tracked vehicles:
VCIt a* 4 NUG? * 16 •,Ill-1ol]

The preliainary equation for the vehicle cone innix
of wheeled vehicles required to pervit a single

pass is given in section S as

VCe1 ,,w a 3 NUG? # 3 (Ill-Sd.)

The corresponding preliminary equation for trz:ked
vehicles from the saw sborce (TNIN, 195)5 is

VCI 1 ,t a 3 UJUC * 6 (I11-B.ZJ

Coanidar now a tracked and a wheeled vehicle t t,
having equal SO-pass trafficability requiremtas
(VCI) according to equMations 111-2.2 and 111-8.1:

* 111-14
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V4X3 V ~ 4 A:: 4 _7
or rvC C, P~ 2? 0. (Ii*.

frcu &.uz:1z s11-. rd1ý-.Z

aýs it &-c;evs thast for t-.* sa basic saft-gri=4

crossing ability, tba, aosAsl na1 it gT3'JS puissuar i
of a vehicle CS tit-as (4Ls defined Is 01. £114.1)
.say to O.S to I ;si grvater than Oat of a coopsr..blo

tracked Yehic~l*, as normally defiawd.
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